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EXECUTIVE SUMMARY 
 
Hydrogen as an energy currency, carrier and storage medium may be a key component 
of the solution to problems of global warming, poor air quality and dwindling reserves 
of liquid hydrocarbon fuels. Renewable energy–hydrogen systems for remote area 
power supply (RAPS) potentially constitute an early niche market for zero-emission 
hydrogen energy technology, because of the high costs of conventional energy sources 
in such applications. Solar-hydrogen RAPS systems mainly consist of a photovoltaic 
(PV) array, electrolyser, hydrogen storage and fuel cell. Hydrogen is a flexible storage 
medium for intermittent renewable energy and can be generated by the electrolysis of 
water. It is particularly advantageous if an electrolyser may be simply and efficiently 
coupled to a source of renewable electrical energy system. The direct integration of a 
PV array and an electrolyser without interfacing electronics such as a maximum power 
point tracker (MPPT)/dc-to-dc converter would lead to a significant cost reduction and 
thereby enhance the economic viability of solar-hydrogen systems in remote area 
applications. 
 
The primary objective of this research is to investigate the possibility of direct-coupling 
of a PV array to a proton exchange membrane (PEM) electrolyser by appropriate 
matching of the current-voltage characteristics of both the components. The 
technological focus of this study is to quantify the degree to which optimal matching 
can be achieved by direct-coupling both theoretically and experimentally.     
 
The key research questions addressed in this study are as follows: 
 What is the most energy-efficient and cost-effective matching or coupling 
system between the PEM electrolyser and PV array? 
 How close do the theoretical and experimental results for energy transfer and 
hydrogen production correspond for a direct-coupled PV-PEM electrolyser 
system? 
 How are the electrolyser performance and durability affected by the intermittent 
solar power input? 
 How would the most efficient PV-electrolyser matching improve triple bottom 
line competitiveness of a solar-hydrogen RAPS system? 
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The main original outcomes from this research are: 
 A novel procedure/system for maximising the energy transfer between the solar 
PV array and PEM electrolyser, and hence maximum hydrogen production with 
minimum cost  
 A computer model for optimising the energy transfer and hydrogen production 
with minimum cost for a PV-electrolyser system 
 Experimental evaluation and demonstration of two direct-coupled PV-PEM 
electrolyser systems for an extended period of operation   
 Elimination of MPPT/dc-to-dc converter from PV-electrolyser system for solar-
hydrogen system in RAPS applications  
 Experimental data on changes in PEM electrolyser performance after being 
subjected to varying solar insolation 
 Identification of components or system design requirements that need further 
research to discover ways to maintain electrolyser performance and durability 
under the fluctuating electrical input from the PV array. 
 
A novel systematic procedure for matching the PV output power to the electrolyser load 
without any intervening electronics such as a dc-to-dc converter and maximum power 
point tracker has been developed and is described in this thesis. The key element of this 
matching strategy is to vary the series-parallel configurations of individual PV modules, 
and individual PEM electrolyser cells (or small stacks), to achieve the closest possible 
matching between the resulting MPP curve of the PV array, and the characteristic 
current (I)-voltage (V) curve of the electrolyser bank. The theoretical investigation 
conducted has suggested that, for a direct-coupled PV-electrolyser system with the 
electrolyser operating line passing through the MPP of the PV output, a small decrease 
or increase in the number of PEM cells in series results in less hydrogen power 
production. Hence so far as the number of series cells in the electrolyser is concerned, 
operating at the MPP is also near optimal for hydrogen production. This analysis also 
indicated that, in order to increase the rate of hydrogen production from that achievable 
with direct coupling and operating at the MPP of the PV array, it was necessary to add 
an entire additional branch of electrolyser cells. But this leads to an increase in the 
capital cost of the system, and generally the electrolyser bank will be operating at 
significantly less than its full capacity. Thus this option will not in general be 
economically attractive. 
Executive Summary 
xxviii 
The degree to which direct coupling can approach the maximum power point operation 
of the PV modules when coupled to a PEM electrolyser, and also produces hydrogen at 
minimum cost, is investigated quantitatively by a computer simulation model developed 
as part of this project. By applying the theoretical analysis to a case study of direct 
coupling of a number of different combined series-parallel configurations of both 
particular PV module BP 275 (75 W each) and a PEM electrolyser stack StaXX7 (50 W 
each), an Excel spreadsheet model has been developed. This model evaluates the 
performance of energy transfer and hydrogen production quantitatively for different 
combinations of the direct-coupled PV-PEM electrolyser system over the year by using 
the frequency distribution of annual solar radiation data as an input. Hydrogen 
production costs for different PV-electrolyser combinations have been obtained by 
incorporating lifecycle economic analysis into the model.  
 
To find the optimal matching condition in the case study, twenty-three different series–
parallel combinations of PV modules and electrolyser stacks for direct-coupling were 
evaluated in terms of the percentage of the maximum available PV power transferred to 
the electrolyser at various solar irradiance values, the amount of energy loss over the 
year due to direct-coupling compared to the maximum energy transfer achievable, and 
the amount of annual hydrogen production. The optimum combination in terms of 
annual energy transfer as well as hydrogen production identified for the particular PV 
module (BP275) and electrolyser stack (StaXX7) coupling combinations investigated 
was four PV modules connected in series (giving 300 W in total) directly coupled to 
five electrolyser stacks in series (that is, 250 W in total). The amount of overall energy 
loss over the year compared to the maximum power point condition was only 5.3%, and 
the calculated annual hydrogen production was 7 750 g, with the overall annual solar-
to-hydrogen energy conversion efficiency being 8.2%. Thus the resulting energy 
transfer compared very favourably with electronic MPPT systems, which typically have 
energy losses compared to the maximum achievable of around 10% 
 
Lifecycle economic assessment has been applied to estimate the unit cost of hydrogen 
production for the same combinations of direct coupling of PV modules (BP275) and 
electrolyser stacks (StaXX7) evaluated for energy transfer and hydrogen production in 
the case study. The aim was to see whether the PV-electrolyser combination that gave 
maximum energy transfer and hydrogen production also yielded the lowest cost of 
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hydrogen production. This assessment revealed that the configuration comprising four 
PV modules connected in series (4+ PV) coupled with the bank of five electrolyser 
stacks in series (5+ EL) gave the lowest unit cost of hydrogen production for all the 
capital cost combinations of PV and electrolyser considered. However, this 
configuration was placed in third position among the full set of PV-electrolyser 
combinations studied in terms of energy transfer and hydrogen production. The 
configuration comprising four series-connected PV modules (4+ PV) coupled with three 
parallel branches of five series-connected electrolysers stack (5+ EL ║ 5+ EL ║ 5+ EL) 
was in first position in terms of highest energy transfer and hydrogen production, but 
only twelfth position in terms of lowest unit lifecycle cost of hydrogen production. This 
finding supported the earlier contention that adding additional parallel branches of 
electrolyser cells to the combination that closely matches the MPP curve of the PV 
array is generally not economically beneficial.   
 
For the economically optimal combination (4+ PV–5+ EL), the minimum cost of 
hydrogen production was found to be about $22/kg, when PV and electrolyser capital 
costs are $8 000/kW and $1 500/kW respectively. This unit cost rises to around $38/kg, 
when the assumed capital costs of PV and electrolyser are $10 000/kW and $5 500/kW 
respectively. The analysis revealed that for a solar-hydrogen system, the effect of 
electrolyser capital cost variation on hydrogen production cost is more significant than 
that of the capital cost variation of the PV modules, as there is a large range of 
electrolyser capital costs assumed, in comparison to the PV capital cost range, and the 
assumption of replacement of the electrolyser stack at the end of year 10. Hence, 
electrolyser lifetime is a critical issue in a solar-hydrogen system.   
 
Matching the maximum power point curve of the PV array output to the electrolyser 
characteristic over the operating ranges of both components is thus likely to provide a 
useful practical procedure to find the optimal combination in terms of unit lifecycle cost 
of hydrogen production. But once prospective combinations have been identified using 
the curve matching procedure, it will always be prudent to do a separate analysis of unit 
lifecycle costs to confirm the economically optimal combination. 
 
If solar-hydrogen systems can be designed by employing the techniques that have been 
proposed in this thesis for optimal direct coupling of the energy source to the 
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electrolyser, potentially around US$700/kW of the system for electronic voltage 
conversion and maximum power point tracking system can be avoided. This reduction 
in capital cost will reduce the unit cost of hydrogen production around $1.3/kg, a 
reduction of between 3.5 and 6% by the solar-hydrogen system. However, as the capital 
costs of both PV arrays and PEM electrolysers fall below the ranges assumed in the 
analysis, as is very likely over the next ten years, the percentage reduction in unit costs 
by using direct coupling will become much more significant. The prospects of 
renewable-hydrogen systems becoming economically competitive in certain RAPS 
applications will thus be enhanced.      
 
The theoretical prediction of potential energy transfer and hydrogen production has 
been tested by conducting an experiment at RMIT University over a period of one 
summer month (between December 2007 and January 2008) to measure the actual 
energy transfer and hydrogen production for the optimal combination of PV modules 
and electrolyser stacks identified in the case study. In addition, the effects of the 
intermittent power input on hydrogen production and durability of the PEM electrolyser 
have been analysed. A new hydrogen experimental cabinet and extraction interlock 
system have been designed and installed in the RMIT University Renewable Energy 
Laboratory to conduct this and related experimental work in a fail-safe manner. 
 
Before coupling the PV modules directly with the electrolysers, both the electrolysers 
and PV modules were characterised. The maximum solar-to-electricity energy-
conversion efficiency achieved by the PV panels was 11.5% in comparison to the 
manufacturer’s quoted efficiency 13.3%. From the individual characterisation of all five 
electrolyser stacks (StaXX7, in each stack seven cells in series), it has been seen that the 
cut-in voltage of the stack was around 10.1 V, which is 1.44 V per cell, and none of the 
electrolyser stacks reached its maximum permissible voltage (14 V) before the 
maximum permissible current of 4 A flowed. When all the electrolyser stacks were in 
series the applied voltage was 66.8 V to draw the permissible 4 A current. The mean 
values of Faraday efficiency and energy efficiency of the electrolysers when all five 
stacks were in series before coupling with the PV panels were 97.6% and 83.1% 
respectively. 
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From the experimental data of direct coupling of an array of four PV modules connected 
in series (giving 300 W in total) and a bank of five electrolyser stacks in series (that is, 
250 W in total), total direct-coupling time was around 728 hours, and effective direct 
coupling operation time of the electrolysers was about 467 hours (omitting the hours of 
zero solar radiation). Over this extended period of direct-coupling, the electrolyser 
current tracked the changes in solar radiation very closely, indicating a relatively rapid 
response to these changes and reliable operation.  
 
Using the frequency distribution of solar radiation data during the direct-coupling 
experiment as input, the theoretical analysis for this particular series-parallel stacking 
configuration of PV panels and electrolyser stacks predicted an energy transfer of 41.8 
kWh in comparison to theoretical maximum available of 44.3 kWh from the PV array 
for a perfect maximum power point matching system at all times. Hence the theoretical 
analysis predicted that the energy transfer loss with direct coupling compared to the 
maximum achievable in this case would be 5.6%. From the experimental data the actual 
energy delivered from the PV array to the electrolysers was 39.8 kWh, a discrepancy of 
less than 5% between theoretical and experimental results over the study period. During 
the experimental period a total of 788.8 g of hydrogen was produced as compared to 
797.8 g predicted theoretically. Thus the difference between theoretical and 
experimental hydrogen production was less than 1.2%, and the overall solar-to-
hydrogen energy conversion efficiency was found to be 7.8%. This close agreement 
between the theoretically-predicted and actual energy transfer and hydrogen production 
provided initial confirmation of the practical possibility of direct coupling in solar-
hydrogen systems.  
 
Although the differences between the theoretical and experimental results of energy 
transfer and hydrogen production were relatively small, contributing factors may have 
been the following: 
 Using an average solar irradiance for all irradiances that fall within each interval 
used in calculating the frequency distribution of solar radiation data. For 
example, any solar irradiance in the range 400-600 W/m2 was taken as 500 
W/m2 in the calculation 
 The assumption of constant energy transfer over each five-minute interval 
between successive data recording 
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 A slight difference between the actual performance of the PV modules in the 
experiment, and the performance assumed in the model 
 The assumption of no degradation of the electrolyser performance for the 
theoretical calculation, and the operating line was constant during that 
experimental period.  
 
To investigate possible degradation of electrolyser performance, the electrolysers in this 
PV direct-coupling experiment conducted were characterised before and after the 
month-long experiment. All five electrolyser stacks were characterised individually as 
well as all connected in series. From the individual characterisation, a small degradation 
in performance was detected, but not all the electrolyser stacks degraded to the same 
extent. Although the cut-in voltage of all the electrolysers was more or less the same 
before and after coupling, the applied voltage to produce a given current was 
consistently greater after the coupling experiment than before. For example, before the 
coupling experiment when all the electrolyser stacks were connected in series, 66.8 V 
was required to draw the rated 4 A current, while after coupling the maximum rated 
voltage of 70.0 V gave a current of only 3.7 A.  66.8 V gave ~3 A, a quite significant 
overall fall of 25% over the 467 hours of effective direct coupling operation of the 
electrolysers. The mean values of Faraday efficiency and energy efficiency of the 
electrolysers all connected in series after coupling with the PV array were found to be 
around 96.7% and 79.1% respectively, an average decline of 1% point in Faraday 
efficiency and 4% points in energy efficiency. The electrolyser stack 4 showed the least 
performance degradation: before and after coupling the mean values of Faraday 
efficiency were found to be 97.5% and 96.8% respectively, an average fall of just 0.7% 
point; for energy efficiency the corresponding values were 81.4% before the experiment 
and 80.5% after, an average decline of only 0.9% point. On the other hand, electrolyser 
stack 5 showed the most degradation: Faraday efficiency fell from 97.2% to 93.9%, that 
is, by 3.3% points; energy efficiency dropped from 81.5% to 75.2%, an average decline 
of 6.3% points. However, the uncertainties in the measured Faraday efficiency and 
energy efficiency values were found potentially to be greater than the measured 
degradation. So, it cannot be claimed directly on the basis of these experiments that 
there has been a significant degradation in performance of the electrolysers. More 
precise experiments will be necessary to measure any change in performance with usage 
under direct coupling conditions. 
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The electrolysers were directly coupled to the PV array for an extended period of time 
(467 hours of actual operation) and during this time a wide-ranging level of solar 
radiation provided variable power input to the electrolysers. This fluctuating power 
input to the electrolysers may have affected their performance. Further testing with 
constant power input, with the same total energy supply as transferred during the direct 
coupling experiment, is still required to establish the extent to which performance 
degradation was due to variable power input, rather than simply the duration of 
operating period. The results obtained in this project are for small-scale PEM 
electrolysers designed primarily for low-usage educational demonstrations rather than 
extended periods of operation. Future testing for degradation needs to be conducted on 
larger-scale PEM electrolysers specifically designed for solar-hydrogen RAPS systems. 
Microscopic level analysis such as scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) techniques could also be usefully applied to 
investigate any changes in properties of the catalysts affecting their electroactivity at the 
electrode membrane interface, membrane degradation, and microstructural change in 
the membrane electrode assembly (MEA). As a result of time and resource limitations, 
these constant power input experiments and microscopic level analyses were not able to 
be conducted as part of the present project.       
 
Theoretical and experimental direct-coupling of larger scale PV-electrolyser system, a 
2.4 kW PV array at RMIT with the ‘Oreion Alpha 1’ stand-alone 2 kW PEM 
electrolyser developed by the CSIRO Energy Technology, was also conducted. This 
was a collaborative project between the RMIT University Energy CARE group and the 
CSIRO Energy Technology during 2007 and 2008. The CSIRO-developed PEM 
electrolyser used in the trial was a transportable stand-alone system providing a stack 
and complete balance-of-plant (BOP) in a single package.  
 
Before directly coupling with the PV array, a theoretical analysis was conducted to 
match the current-voltage characteristics of the RMIT PV array and CSIRO electrolyser 
stack. The PV array comprises roof mounted thirty SX 80 polycrystalline PV modules 
(80 W each) and occupies an area of 20.4 m2. To find the optimum PV-electrolyser 
combination in terms of energy transfer as well as hydrogen production, ten different 
series-parallel combinations have been evaluated theoretically for the percentage of 
maximum available PV power transferred to the electrolyser at various solar irradiance 
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values, overall annual energy loss compared to the highest value achievable from the 
PV array, and potential hydrogen production over the year. From this analysis the 
optimum combination found comprised 15 pairs of parallel-connected PV modules 
(with each pair of two modules in series) coupled to the electrolyser stack of 16 cells in 
series. This combination gave the highest overall energy transfer and hydrogen 
production of all the options considered, with a loss of less than 1% of the maximum 
available energy from the PV array over the year (~26.9 kWh), compared to the 
situation of optimal maximum power point tracking at all the times. This combination 
would potentially produce 69 kg of hydrogen over the year, with the overall annual 
solar-to-hydrogen energy conversion efficiency being 8.1%.    
 
However, for the direct-coupling experimental program with the PV array, the CSIRO 
PEM electrolyser stack used had 13 cells in series with 100 cm2 active area per cell, 
rather than the optimum configuration of 16 cells. This particular 13 cell- stack was the 
only one available at the time of the experiment. It was coupled to the RMIT roof-
mounted PV array comprising of 15 pairs of parallel connected PV modules (with each 
pair of two modules in series). The integrated system was operated for approximately 
63 days over the 4-month period from September 2007 to January 2008. The PEM 
electrolyser responded rapidly to load variations during the day caused by variations in 
solar radiation, and was able to cope satisfactorily with extreme temperature changes 
(20 to 40oC), cloudy and rainy conditions, auto shut-down at night and start-up in the 
morning over a period of four months. The total direct-coupled time was around 1 519 
hours over 63 days, with the effective operating time being around 941 hours.  
 
Using the solar irradiance actual frequency histogram over the duration of this 
experiment as input, the theoretical analysis with direct coupling of a 13-cell 
electrolyser stack to 15 pairs of PV modules in parallel yielded an energy transfer of 
537.8 kWh, 12.4% lower than the maximum of 613.9 kWh in principle achievable from 
the array under continuous MPP operation. These transfer losses were greater than the 
1% theoretically estimated for the more-optimal configuration of 16 cells in series. The 
actual energy delivered to the electrolyser was measured to be 455.5 kWh, a 
discrepancy between theoretical and experimental energy transfer of about 15.3% of the 
total energy transferred over the period.  
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At start of the direct-coupling experiment the average energy efficiency of the 
electrolyser was about 75%, as it had degraded during the BOP construction and 
commissioning phase from its initial efficiency of 91%. On the basis of the actual 
energy delivered (455.5 kWh) to the electrolyser during the experiment, at 75% energy 
efficiency the electrolyser should have produced around 8.6 kg of hydrogen. From the 
experimental data it was found that over the period a total of 15 537.3 Ah current was 
actually delivered to the electrolyser, which is equivalent to 7.54 kg of hydrogen 
production from the 13-cell electrolyser, 12.3% less than that predicted. From the 
experimental solar radiation data, with the 6 316.3 kWh of total solar energy input, the 
overall solar-to-hydrogen energy conversion efficiency was found to be around 4.7%.    
 
The main reason for the differences between experimental and theoretical results was 
the lower than expected performance of the stack. In particular, one cell degraded 
prematurely and then showed a very high cell voltage, while it was assumed in the 
theoretical calculation that no degradation of the electrolyser took place. The 
electrolyser actually had an overall energy efficiency of 65% during the period of direct 
coupling operation, 10% points lower than that prior to the experiment and the value 
assumed in the theoretical prediction of hydrogen production. Linear regression analysis 
on the actual current-voltage data obtained during the direct-coupling experiment 
showed the degradation in the 13-cell electrolyser stack resulted in a considerable shift 
of the actual operating line of the electrolyser in comparison to that assumed for the 
theoretical analysis. 
 
On the basis of all the theoretical and experimental work conducted in this project, the 
following recommendations are made for future work on solar-hydrogen systems with 
particular emphasis on direct coupling of the PV-PEM electrolyser subsystem: 
 The present model for optimal direct coupling of a PV array and a PEM 
electrolyser bank described in this thesis should be extended by conducting: 
o Detailed modelling of PV modules taking into account series and parallel 
resistance of the PV cells, and ambient temperature at different solar 
irradiance values to a get more accurate simulated current-voltage 
characteristic curves  
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o Modelling of the PEM electrolyser to get theoretical current-voltage 
characteristic curves and incorporating these in the overall model for 
estimation of energy transfer and hydrogen production  
o Theoretical analysis of energy transfer by considering solar irradiance 
intervals of 100 W/m2 instead of 200 W/m2 in the frequency distribution of 
solar radiation data, and hence comparison with the experimental results. 
o Automation of the existing Excel spreadsheet model by incorporating Visual 
Basic programming, or by using Matlab-Simulink as an alternative, to get the 
simulation results without so much manual calculation and hence much faster.  
 
 Further experimental investigations into long-term performance degradation of 
PEM electrolysers should be carried out:    
o Under direct-coupling with a PV array, and under constant power input with 
the same total energy supply as transferred during the direct coupling 
experiment, to find out the extent to which performance degradation is due to 
the variable power input, rather than simply duration or quantity of the input  
o At the microscopic level by applying scanning electron microscopy and 
transmission electron microscopy techniques to investigate any changes in 
properties of the catalysts affecting their electroactivity at the electrode 
membrane interface, membrane degradation, and microstructural change in 
the membrane electrode assembly.   
 
 Based on the findings of such additional experimental analysis, further 
modifications to the electrolyser stack design and materials should be made with 
the aims of reducing rates of performance degradation significantly, and 
maintaining high hydrogen production from an electrolyser directly-coupled to a 
PV array over an extended period of operation 
 
 Further theoretical analysis should cover: 
o Extension of the direct-coupling procedure and model described in the present 
thesis to cover load splitting and matching the surplus output of the PV array 
with the electrolyser without any voltage conversion device  
o Development of a model for optimisation and component sizing of solar-
hydrogen RAPS system employing direct coupling.   
Executive Summary 
xxxvii 
 Further experimental studies on optimal direct-coupling of the PV array and 
electrolyser system in this load-splitting system configuration should also be 
conducted in the future, including design and construction of a suitable load 
splitter and control system that is able to split the available PV energy to meet 
the load directly and divert surplus output to the electrolyser, and switch the fuel 
cell on and off over short intervals as required 
 
 A complete demonstration of a solar-hydrogen system employing direct 
coupling of PV-electrolyser system with suitable load splitter and control system 
should also be designed and constructed. 
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 1 
1. INTRODUCTION 
 
1.1 BACKGROUND 
 
Public awareness of the negative social and environmental impact from using 
conventional energy sources, and of the vulnerability inherent in dependence upon 
rapidly depleting fossil fuels, is reaching an all-time high. US Geological Survey 
estimates the world’s reserve of oil to be 2.6 trillion barrels (Roberts 2004), and 
according to the US Government’s Energy Information Administration (EIA 2006), the 
current rate of oil consumption worldwide is 30.6 billion barrels/y. We have already 
consumed around half of the world’s oil resources and are very close to or even just past 
the peak of oil production; the known reserves of oil and natural gas may last only 
another 40 years at the current rate of consumption (Lattin & Utgikar 2007). If the trend 
of increasing energy use continues, future society will need more and more energy, so 
that alternative methods of providing this energy to permit sustainable development will 
be essential. 
 
According to the Intergovernmental Panel on Climate Change (IPCC 2007) on average 
the earth’s surface temperature has increased by 0.76oC during the last 100 years. This 
increase in global temperature and the associated climate change are mainly attributed 
to the utilisation of fossil fuels (Nakicenovic 1998). Human activities have resulted in 
emission of greenhouses gases, such as carbon dioxide, methane, nitrogen and sulphur 
oxides, and fine particulates  (Conte et al. 2001); the carbon dioxide concentration in 
the atmosphere has been increased from a pre-industrial value of about 280 ppm to 379 
ppm in 2005 (IPCC 2007). Hence, the limitation of primary fuel supply, and the concern 
about greenhouse gas emission resulting in global warming, are the motivating factors 
to shift in the future to alternative sustainable energy sources. 
 
Australia is one of the highest per capita energy users and highest per capita polluters in 
the world, as it relies heavily on fossil fuels to meet its energy demands (McLellan et al. 
2005). According to the Department of the Prime Minister and Cabinet (PMC 2004), 
Australia contributes 1.6 per cent of global greenhouse emissions from energy use. Due 
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to rising global awareness about the energy crisis and adverse effects on climate of 
greenhouse gas emissions, there is renewed interest internationally and in Australia in 
the move towards a ‘hydrogen economy’ (DOE 2006; HFPeurope 2007; Rand & 
Badwal 2005; Tasman & Brinckerhoff 2003).     
 
Hydrogen has the potential to play a key role as an energy carrier and one of the key 
energy solutions for the 21st century (Edwards et al. 2008; Turner 2004). It is an 
attractive alternative to carbon based fuels as it can be produced from both renewable 
(hydro, wind, solar biomass, geothermal) and non-renewable (fossil fuel reforming, and 
nuclear reactors). But from the sustainability point of view it is preferable to produce 
hydrogen from water using renewable energy sources rather than fossil fuels (Ali 2007). 
Hydrogen can be stored as fuel and then utilised for all purposes such as power 
generation, distributed heat and transportation using fuel cells, internal combustion 
engines and turbines (Edwards et al. 2008; Elam et al. 2003).    
 
A principal attractive feature of hydrogen is that it can be used as a storage medium for 
electricity generated from intermittent renewable energy sources such as solar and wind, 
thereby providing a constant supply (Sherif, Barbir & Veziroglu 2005; Ulleberg, O. & 
Morner 1997). As long as hydrogen is generated from renewable energy sources, it is 
truly a sustainable energy carrier with zero greenhouse gas emissions.    
  
Currently about two billion people in the world still do not have access to reliable 
electricity (Flavin & O'Meara 1997). People living in remote small villages, islands and 
hilly areas that are far from the main grid, lack access to any electricity. In these remote 
areas grid extension is impractical due to scattered population or uneven terrain, high 
transmission and distribution losses, and people meet their electricity demand mainly by 
standalone power supply systems, generally called remote area power supply (RAPS) 
system (Moseley 2006; Twidell 1988). RAPS systems generally use diesel generators, 
photovoltaic (PV) or wind-battery/diesel/petrol generator or diesel/petrol-battery system 
(Bergey 1993; Bowen, Cowie & Zakay 2001; Phuangpornpitak & Kumar 2007; Wichert 
et al. 2001).      
 
Diesel generators are increasingly becoming an unviable option due to high cost of fuel 
in the remote areas and their emission of significant quantities of pollutants, including 
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greenhouse gases. So, to reduce the greenhouse gas emission in the RAPS applications 
solar PV/wind-battery systems seem more attractive options. But the problem with 
battery storage is that energy cannot be stored for long periods (for example, from 
season to season) and their energy density is low, e.g. 10 to 100 Wh/kg (Hall & Bain 
2008). Moreover, batteries have the problem of overcharging, self-discharging over 
time and need for regular maintenance. As a result most of the standalone renewable 
energy power supply systems are operated with no long-term storage options to cope 
with the intermittency of the solar or wind energy (Ledjeff 1990; Zhou, Yang & Fang 
2008).    
 
Consequently the concept of standalone renewable energy systems that use hydrogen as 
a seasonal energy storage medium has attracted much attention recently as a sustainable 
energy source for remote applications (Agbossou et al. 2001; Fischer 1986). This 
hydrogen option appears preferable to batteries and diesel generator back-up in the 
renewable energy RAPS systems since it allows the long-term storage of excess solar or 
wind energy over the demand, and  has minimal environmental effect when the system 
is in operation (Friberg 1993; Ledjeff 1990). Indeed renewable energy hydrogen 
systems for remote applications would offer decentralised onsite hydrogen generation 
and storage, and reuse of the stored hydrogen in fuel cells – a completely autonomous, 
reliable  and emission-free RAPS system that enables uninterruptible power supply to 
the load (Ali 2007; Kauranen, Lund & Vanhanen 1994).  
 
At present, standalone solar-hydrogen systems for remote area applications are not cost 
competitive with conventional RAPS systems due to the high cost of the photovoltaic 
panels, electrolyser, fuel cell, hydrogen storage, and power conditioning or controlling 
devices such as maximum power point tracker (MPPT), load splitter, dc-to-dc converter 
and dc-to-ac converter (Andrews et al. 2005). Conventional standalone solar-hydrogen 
systems use costly power controlling and voltage conversion device (MPPT/dc-to-dc 
converter) to couple the PV array and electrolyser due to potential mismatch between 
the electrolyser load and PV array output (Bilgen 2001; Mettawee et al. 2005). If the 
solar-hydrogen systems can be designed with optimal direct-coupling of the energy 
source to the electrolyser, the significant cost of electronic voltage conversion and 
maximum power point tracking system can be avoided. The prospects of renewable-
hydrogen systems becoming economically competitive in certain RAPS applications 
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will thus be enhanced. A few studies have been reported in the literature on direct 
coupling of a PV array with the electrolyser (Ahmad & El Shenawy 2006; Galli & 
Stefanoni 1997; Lehman et al. 1997). To date, however, no work found in the literature 
that has been done on optimising the energy transfer and hydrogen production of the 
direct-coupled PV array and electrolyser, or to test optimal direct-coupling 
experimentally for an extended period.  
 
The present project therefore investigates the potential improvement of the overall 
economic performance of solar-hydrogen systems by direct coupling the PV modules 
and PEM electrolyser. A theoretical and experimental analysis of this option is 
conducted under different operating conditions, and a procedure is developed for 
optimal matching of these two components.              
 
Renewable energy-hydrogen systems for remote area power supply potentially 
constitute an early niche market for zero-emission hydrogen energy technology because 
of the high costs of conventional energy sources in such applications (Isherwood et al. 
2000). The present project thus may open up a number of opportunities for technology 
adoption and commercialisation by industry, including optimal matching of PV arrays 
and PEM electrolysers, and ways to extend the economic lifetime of the electrolysers. 
These developments may in turn improve the overall performance and economics of 
solar-hydrogen RAPS systems for use by remote communities in Australia and 
overseas, and industries as a truly sustainable energy supply system. 
 
1.2 OBJECTIVES OF THIS RESEARCH 
 
The overall objectives of this research are thus to: 
 Review previous work on renewable energy–hydrogen systems, focusing on the 
PV-electrolyser subsystem for remote area applications 
 Investigate the possibility of direct coupling of a PV array to a proton exchange 
membrane (PEM) electrolyser in a solar-hydrogen system 
 Develop a computer simulation model for optimising the overall energy transfer 
and minimising the cost of hydrogen production for a PV-electrolyser system  
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 Design, construct and measure the technical performance of two experimental 
PV-PEM electrolyser systems incorporating optimal-coupling between the PV 
array and PEM electrolyser suitable for remote area power supply 
 Explore the effect of varying solar PV power input on the long-term 
performance of a PEM electrolyser 
 Evaluate potential advantages of using a direct-coupled PV-electrolyser system 
in solar-hydrogen system. 
 
1.3 RESEARCH QUESTIONS 
 
The key research questions addressed in this study are as follows: 
1. What is the most energy-efficient and cost-effective matching or coupling 
system between the PEM electrolyser and PV array? 
2. How close do the theoretical and experimental results for energy transfer and 
hydrogen production correspond for a direct-coupled PV-PEM electrolyser 
system? 
3. How are the electrolyser performance and durability affected by the intermittent 
solar power input? 
4. How would the most efficient PV-electrolyser matching improve triple bottom 
line competitiveness of a solar-hydrogen RAPS system? 
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1.4 METHODOLOGY 
 
The methodology that has been followed throughout the dissertation to achieve the 
objectives and address the research questions is presented in Table 1.1.  
 
Step 
No. Title of activity Activity description and relation to research questions 
1. Literature review 
Review of books, journal articles, conference papers and reports on 
solar-hydrogen systems with special emphasis on PEM electrolyser, 
photovoltaic technology and their application in solar-hydrogen RAPS 
systems.  
2. 
 
Theoretical 
analysis and 
simulation model 
 
Development of theoretical analysis for optimal-coupling of PV-PEM 
electrolyser and mathematical simulation model to quantify the 
efficiency of energy transfer, and hydrogen production with minimum 
cost for a direct-coupled system (research questions 1and 2).    
3. 
Experimental 
investigation of 
direct coupling 
system  
Design and construction of two experimental setups for a direct- 
coupled PV-electrolyser system employing the results obtained from 
the theoretical analysis, and conduct the experiment for an extended 
period of several months (research question 2).    
4. 
Comparison of 
experimental and 
theoretical results 
Validating the simulated model by comparing with the experimental 
results of energy transfer and hydrogen production for the optimal 
coupling combination (research question 2).   
5. 
Performance of 
electrolyser over 
time in a direct-
coupled system 
Monitoring the electrolyser operation under fluctuation power input 
from the PV array. Performance evaluation of electrolyser before and 
after coupling for degradation (research question 3).  
6. System evaluation 
Performance and economic evaluation of demonstration solar-hydrogen 
RAPS system incorporating the technical improvements of coupling of 
PV-electrolyser system investigated (research question 4).  
7. 
Improvement of 
the system 
Identification of components or system design improvements necessary 
and further research required for wide deployment of directly coupled 
PV arrays and electrolysers in solar-hydrogen systems.    
8. Thesis preparation Preparing the thesis and submission. 
 
Table 1.1: Methodology of the research followed   
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1.5 SCOPE OF THIS STUDY 
 
The main focus of this research is on solar-hydrogen systems that employ PV modules 
and proton exchange membrane (PEM) electrolysers. Electrolysis systems based on 
PEM technology have a number of advantages in comparison with alkaline or solid 
oxide electrolysers. They are highly energy-efficient device among all the types (more 
than 90%) and high current densities are achievable (>1 A/cm2). Solid polymer 
electrolyte membranes can support a differential pressure and with suitable design may 
be capable of producing hydrogen at high-pressure (Millet, Andolfatto & Durand 1996; 
Onda et al. 2004). Moreover, they are simple and compact in design, and produce 
hydrogen at high purity so that it can be used in fuel cells directly without further 
treatment.  
 
The main option investigated to improve the economics of such systems is the direct 
coupling of PV modules and electrolyser without the use of any power conditioning 
device like maximum power point tracker (MPPT)/dc-to-dc converter. The 
configuration in which all the PV array’s output is fed at all times to the electrolyser is 
examined. This system configuration has been chosen due to its simplicity of operation 
and design, and amenability to theoretical and experimental study. An alternative is for 
the PV array to be fed directly to the load and only the surplus power over the load used 
as input to the electrolyser. But this type of system configuration would require a 
complex and expensive load splitter or control device to monitor continuously how 
much power is being produced by the PV array and direct the correct fractions of power 
to the load and the electrolyser. The load-splitting configuration is thus outside the 
scope of the present thesis. Looking at the simplified case first will, however, provide a 
helpful stepping stone towards the more complex case of load splitting.  
 
Electrolysers are operated with fluctuating power input from the PV array. The effects 
of this intermittent power input on the hydrogen production and durability of the 
directly-coupled electrolyser are as yet uncertain. Hence these effects are explored as 
well within the present project.  
 
It is assumed that electrolysers generate hydrogen at normal atmospheric pressure, 
without any pressurisation taking place in the electrolyser itself prior to storage.   
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1.6 OUTCOMES 
 
The following original outcomes were expected from this research that will enhance the 
in-depth knowledge and advance the technological development of solar-hydrogen 
RAPS systems: 
 A novel procedure/system for maximising the energy transfer between the solar 
PV array and PEM electrolyser, and hence maximum hydrogen production with 
minimum cost  
 A computer model for optimising the energy transfer and hydrogen production 
with minimum cost for a PV-electrolyser system 
 Experimental evaluation and demonstration of two direct-coupled PV-PEM 
electrolyser systems for an extended period of operation   
 Elimination of MPPT/dc-to-dc converter from PV-electrolyser system for solar-
hydrogen system in RAPS applications  
 Experimental data on changes in PEM electrolyser performance after being 
subjected to varying solar insolation 
 Identification of components or system design requirements that need further 
research to discover ways to maintain electrolyser performance and durability 
under the fluctuating electrical input from the PV array.  
 
1.7 ORGANISATION OF THIS THESIS 
 
A review of previous work on solar-hydrogen systems for remote area power supply is 
provided in chapter 2. The potential advantages of the system configuration with direct 
coupling of a PV array to a PEM electrolyser are discussed.  
 
Chapter 3 is dedicated to the theoretical analysis of a direct-coupled PV array and PEM 
electrolyser with the aim of establishing the conditions required for optimal matching in 
terms of energy transfer and hydrogen production. A procedure for matching the 
maximum power point curve of the PV array with the load curve of a PEM electrolyser 
to maximise the energy transfer between them, and also production of hydrogen at 
minimum cost, is presented. The theoretical matching technique is then applied using a 
computer simulation model to a case study of the direct-coupling of a PV array based on 
a particular PV module, to a PEM electrolyser based on a particular PEM cell, to assess 
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quantitatively the efficacy of direct-coupling compared to perfect maximum power 
point tracking at all times. The optimum combination is identified in terms of overall 
annual energy transfer, hydrogen production and unit cost of hydrogen production.  
 
In chapter 4, the design and construction of an experimental direct-coupled PV-
electrolyser system are described. The theoretical prediction of potential energy transfer 
and hydrogen production using the procedure established in chapter 3 are tested by 
conducting an experiment over a month, to measure the actual energy transfer and 
hydrogen production for the optimal combination of PV modules and electrolyser stacks 
identified. Four BP 275 PV modules connected in series (300 W in total) were directly 
coupled to five StaXX7 PEM electrolyser stacks (250 W in total) connected in series. 
Possible reasons for the difference between theoretical and experimental results are 
identified, and electrolyser response to the fluctuating power input from the PV array 
and electrolyser performance degradation over the period is also investigated.   
 
The theoretical analysis and experimental investigation of the direct coupling of a 
larger-scale PV-electrolyser system, namely a 2.4 kW roof-mounted PV array at RMIT 
University’s Bundoora East Campus, to a 2 kW PEM electrolyser developed by CSIRO 
Energy Technology are presented in chapter 5. This work has been conducted as a 
collaborative project between RMIT University Energy CARE group and CSIRO 
Energy Technology. The electrolyser response to the fluctuating power input from the 
PV array and the electrolyser degradation issue are also discussed for this larger-scale 
system. 
 
Responses to the research questions articulated in section 1.3 of this chapter based on all 
the theoretical and experimental work conducted are presented in Chapter 6, along with 
conclusions and specific recommendations for further research and development. 
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2. SOLAR-HYDROGEN SYSTEMS FOR REMOTE 
APPLICATIONS 
 
2.1 BASIC CONVENTIONAL AND RENEWABLE ENERGY-HYDROGEN RAPS 
SYSTEMS  
 
A typical remote area power supply (RAPS) system is a grid-independent autonomous 
power generating system generally located far away from the main electricity and gas 
distribution networks. The types of remote site may include: individual houses, 
indigenous communities, pastoral properties, islands, mining operations, 
telecommunication installations, level-crossing signals, tourism sites, meteorological 
stations, satellite facilities and surveillance systems (Lowe & Lloyd 2001). In these 
applications RAPS systems are attractive due to the high cost of grid extension or 
transport of conventional fuels to remote locations, and high transmission and 
distribution losses.  
 
 
 
Figure 2.1: Conventional remote area power supply (RAPS) systems  
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Depending on the geographic location and local availability of the energy sources, 
different systems combinations are in use (Figure 2.1). Currently RAPS systems may 
employ any one of the following options (Doddathimmaiah 2008; Lowe & Lloyd 2001): 
 Diesel/petrol generator, battery storage 
 PV array, diesel/petrol generator, battery storage 
 Wind generator, diesel/petrol generator, battery storage 
 PV array/wind generator, battery storage. 
 
In most cases battery banks are used as an energy storage medium for load levelling and 
ensuring continuity of power supply, since wind and solar energies cannot produce 
power steadily. The power production rate of these renewable energy sources varies by 
season, month, day, and hour. Batteries also have the inherent problems of self-
discharging over time, overcharging, and low storage capacity per unit mass and 
volume, need for regular maintenance, and generation of considerable solid and 
chemical wastes. Moreover they cannot store energy for long periods.     
 
Hydrogen appears to be an attractive alternative for long-term energy storage to 
diesel/petrol generators and batteries in RAPS applications (Ghosh, Emonts & Stolten 
2003). Hydrogen is clean and it can be produced by splitting water, which is abundant. 
Hydrogen is also renewable when it is generated from renewable energy sources like 
PV or wind. More importantly, when this hydrogen is used in a fuel cell to generate 
electricity, the by-products are heat and clean water, and thus there are no greenhouse 
gas emissions or other pollutants. So hydrogen has the flexibility of decentralised onsite 
production by an electrolyser, and can provide season-to-season storage to cope with the 
intermittency of solar or wind energy. It can be used in a fuel cell to meet the energy 
demand when needed, and offers a completely autonomous, reliable and emission free 
RAPS system that enables uninterruptible power supply to the load (Ali 2007; 
Kauranen, Lund & Vanhanen 1994).        
 
The basic standalone renewable energy-hydrogen system for RAPS applications 
typically consists of a photovoltaic array or aerogenerator as the main energy source, an 
electrolyser to produce the hydrogen, hydrogen storage, and a fuel cell (Figure 2.2). 
Solid-state PEM electrolysers are being increasingly employed in these applications 
rather than the traditional alkaline electrolyser (Chaparro et al. 2005). In an autonomous 
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renewable energy-hydrogen power supply system the energy demands can be met in 
two ways. Some standalone renewable energy-hydrogen systems have been studied and 
installed, where the energy demand is met by the PV/wind system directly, and only the 
surplus energy over the demand is utilised by the electrolyser for the production of 
hydrogen for later reuse in the fuel cell when there is insufficient sun or wind (Figure 
2.2) (Agbossou et al. 2001; Ali 2007; Kauranen, Lund & Vanhanen 1994; Lehman & 
Chamberlin 1991). In this type of system, sometimes a battery (high power but with 
small energy storage capacity) is also used to handle short-term input power 
fluctuations or to provide voltage stabilisation. So this type of solar/wind-hydrogen 
system may not be completely free from battery backup, although hydrogen remains the 
major energy storage medium.    
 
 
 
Figure 2.2: Renewable energy-hydrogen remote area power supply (RAPS) system, meeting 
the load directly from the PV/wind, and excess available energy to produce hydrogen and the 
fuel cell to backup the intermittency of PV/wind energy 
 
In the second type of system, all the available PV/wind energy is fed to the electrolyser 
to produce hydrogen (Figure 2.3), and subsequently used in the fuel cell to meet the 
load (Galli & Stefanoni 1997; Hollenberg et al. 1995; Szyszka 1994). In this type of 
system a battery may still be employed to meet short-duration peaks in demand. 
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Figure 2.3: Renewable energy-hydrogen remote area power supply (RAPS) system, feeding all 
the available PV/wind energy to the electrolyser producing hydrogen, and the fuel cell to meet 
the load 
 
Both these types of system have relative advantages and disadvantages. For example the 
first type of system has a higher overall energy efficiency because it is always 
advantageous to meet as much of the energy demand directly rather than incurring the 
energy losses in passing through the electrolysis-storage-fuel cell cycle. The hours of 
operation of the electrolyser and fuel cell are thus minimised, thus extending their 
lifetimes of (Ali 2007). But this type of system would require an expensive load splitter 
or control device to monitor continuously how much power is being produced by the 
PV array/wind turbine and direct the correct fractions of power to the load and the 
electrolyser (Lehman & Chamberlin 1991).  
 
By contrast, the second of type system is simpler in design as all the available PV/wind 
energy will be directed to the electrolyser and the load is supplied entirely by the fuel 
cell. This type would be more suitable for the applications with the fluctuating energy 
sources and rapidly varying loads, since it might be difficult in practice to split the 
available energy mostly directed to the load and surplus to the electrolyser, and to 
switch the fuel cell on and off over short intervals. Moreover, battery backup is not 
necessary in this case. Hence, the emphasis in this thesis will be on the second type of 
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system configuration as it is more amenable for initial theoretical and experimental 
study, as a prelude to later study of the first type of system employing load splitting. 
 
There are several different technological options for renewable-energy based RAPS 
systems depending upon the load requirement, geographical location and the availability 
of the renewable energy sources. Solar and wind are the preferred source of renewable 
energy for small-to-medium scale RAPS applications. A PV-based RAPS system is 
more suitable if the location receives a high annual average solar radiation, like many 
remote areas of Australia  (Shakya, Aye & Musgrave 2005). The PV system is highly 
reliable due to its durability and low maintenance cost (no moving parts), rendering it a 
preferred option for many remote area applications. Unlike wind the solar insolation is 
often more consistent and predictable for a particular location. 
 
Hence the focus of this thesis will be on solar-hydrogen remote area power supply 
system with the system configuration in which all the PV array output is fed to the 
electrolyser to produce hydrogen, and the fuel cell is used to meet all the demands. 
 
2.2 SUSTAINABLE HYDROGEN PRODUCTION  
 
There are numerous technologies available for hydrogen production, including fossil 
fuels, nuclear reactors and renewable energy sources (Conte et al. 2001; Penner 2006). 
At present total world hydrogen production is about 400-500 billion Nm3/yr, and most 
of the hydrogen is produced from fossil fuels – mainly by steam reforming of natural 
gas – and used for fertiliser production, and in oil refineries and chemical and 
metallurgical industries (Yilanci, Dincer & Ozturk In press). Hydrogen is only a 
renewable, clean and sustainable energy carrier when it is produced from renewable 
energy sources. Thus, from a sustainability point of view, it is always preferable to 
produce hydrogen from renewable energy sources, including in RAPS applications. 
 
The available technologies to produce hydrogen from the renewable energy sources are 
principally water electrolysis driven by PV/wind, solar thermochemical, 
photoelectrochemical, photocatalytic conversion, and biomass hydrogen production by 
thermochemical and biological conversion (Ni et al. 2006). Out of these options water 
electrolysis is currently the most dominant and mature technology, and generally the 
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most suitable for remote are power supply applications (Barbir 2005; John Turner 
2008). Electrolysers can be easily integrated into PV or wind systems for producing 
hydrogen and oxygen by splitting water. Another advantage of on-site, on-demand 
hydrogen generation at homes, service stations and end-user sites by an electrolyser is 
the avoidance of the need for expensive transmission or distribution infrastructure.         
 
There are three main types of water electrolyser currently available: alkaline, proton 
exchange membrane (PEM), and solid oxide (Kreuter & Hofmann 1998; Mitsugi, 
Harumi & Kenzo 1998). Electrolysis systems based on PEM technology have a number 
of advantages in comparison with alkaline or solid oxide electrolysers. Firstly, they are 
the most energy-efficient device among all the types, with an energy efficiency of more 
than 90%, and high current densities are achievable (>1 A/cm2) (Millet, Andolfatto & 
Durand 1996). Unlike alkaline electrolyser, PEM electrolysers do not employ any 
hazardous acidic or caustic electrolytes that may contaminate the gases produced. The 
solid polymer electrolyte membrane can support a differential pressure and with suitable 
design may be capable of producing hydrogen at high-pressure without the need for any 
mechanical compressor (Mitsubishi 2004; Onda et al. 2004). Moreover, they are simple 
and compact in design, and produce hydrogen at high purity so that it can be used in 
fuel cells directly without further purification. Although the PEM electrolyser is 
currently more expensive than the other types, costs are like to come down with 
technological development and as production volumes increase in the near future. For 
these reasons, the present study will focus on systems employing a PEM electrolyser. 
 
2.3 OVERVIEW OF PREVIOUS STUDIES OF STANDALONE SOLAR-
HYDROGEN SYSTEMS  
 
There has been continuing interest in many countries in research, development and 
commercialisation of renewable energy-hydrogen systems for stand-alone applications. 
Renewable energy-hydrogen systems for remote applications constitute an early niche 
market for sustainable hydrogen energy. Most of the standalone solar-hydrogen system 
installed or studied to date have, however, been supported financially by governments, 
universities and research organisations.          
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A standalone PV-electrolysis plant comprising a 8.5 kW photovoltaic array and 5.2 kW 
alkaline electrolyser was installed in the Instituto National de Tecnica Aeroespacial 
(INTA), Energy Laboratory, Huelva, Spain in 1992 (Garcia-Conde & Rosa 1993). The 
main objective of this project was to test and evaluate the different technologies 
associated with solar-hydrogen production. A maximum power point tracker was used 
between the PV field and the electrolyser to match the output of the PV array and the 
electrolyser load.           
 
A large-scale solar-hydrogen demonstration program at Neunburg vorm Wald, Germany 
was started in 1986 by a joint venture company, Solar-Wasserstoff-Bayern GmbH 
(SWB), with the aim of demonstrating a solar-hydrogen energy cycle without any 
carbon dioxide release (Szyszka 1998). The facility was established in 1991 and its 
operation continued until about 1999. Phase 1 of this project comprised two solar PV 
arrays (135 and 131 kW), electric power conditioning units, two low-pressure alkaline 
electrolysers (111 kW and 100 kW) with total hydrogen production capacity of 47 
Nm3/hr, together with gas conditioning and storage systems. Fuel cell plants 
(phosphoric acid fuel cell with 79.3 kW and 42.2 kW thermal output, a 6.5 kW alkaline 
fuel cell) were installed for stationary and transport applications, and an automated 
liquefied hydrogen filling station for test vehicles were demonstrated. In phase 2, a 
number of new plant sub-systems, including a high-pressure electrolyser and a 10 kW 
PEM fuel cell, were also installed. The electrolysers in this facility were operated on 
conditioned power (dc-to-dc conversion) from the solar PV array.    
 
A small solar-hydrogen energy production, storage and utilization system consisting of 
a photovoltaic array, PEM electrolysers, metal alloy hydride tanks, a PEM fuel cell and 
an automatic control system has been studied by Hollenberg et al. (1995). These authors 
reported successful completion of the hydrogen production and storage portion of the 
system, with the fuel cell and related control system still under development. The PV 
array’s total power was 150 W comprising four PV modules, and the electrolyser bank 
consisted of three multi-cell electrolyser stacks from Aadaco, rated at a maximum 
voltage of 6.8 V and a maximum current of 14 A, each unit having a maximum 
hydrogen production rate of 225 Ncm3/min. For coupling the PV modules with the 
electrolysers a load-matching power-conditioning device (Bobber LCB-28) was 
employed. 
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Hollmuller et al. (2000) have evaluated a PV, hydrogen production and storage system 
for a residential home in Switzerland that had been in operation since 1991 when it was 
reported in 2000. It consisted of a solar PV array of 65 m2 surface area with 5 kW 
average peak power, a dc-to-dc converter for matching the characteristics of the PV 
array and the electrolyser, a 5 kW alkaline electrolyser (62% average efficiency), a 
hydrogen purification unit, a compressor, and two metal hydride storage tanks (one to 
operate household appliances and the other to run a hydrogen minibus). The 
performance of system was evaluated for three summer days. 
 
An integrated renewable-energy based hydrogen system for powering remote 
telecommunication station has been investigated at the Hydrogen Research Institute 
(HRI), Quebec University, Canada (Agbossou et al. 2001). This system comprised 
mainly a 10 kW wind generator, a 1 kW PV array, a 5 kW alkaline electrolyser (capable 
of delivering 1 Nm3/h hydrogen compressed at 7 bar), a 5 kW PEM fuel cell stack, a 48 
V deep-discharge battery array for maintaining the stability of the voltage in the dc bus, 
a common dc bus with power controlling device that included batteries for energy 
transfer, and a dc-to-ac inverter. The voltage produced by a wind generator and solar PV 
array was regulated and converted to suit the electrolyser. The electrolyser was used to 
store the excess renewable energy as electrolytic hydrogen. In another study on the 
same system, a complex and expensive control system with various power conditioning 
devices for power matching among the components has been designed and developed 
for effective energy management and automatic operation of the system (Agbossou et 
al. 2004). All system components were integrated through power conditioning devices 
on the dc-bus. To couple the electrolyser with the renewable energy sources they have 
used a dc-to-dc (buck) converter. 
 
A standalone hydrogen-based renewable-energy demonstration system (PHOEBUS) 
was installed at Forschungszentrum Jülich, Germany and supplied part of the energy to 
the Central Library for 10 years (Ghosh et al. 2003). The demonstration system 
consisted of four PV arrays of 312 m2 area capable of  a peak power output of 43 kW; a 
110-cell lead acid battery bank to supply constant dc voltage of 220V (capacity 303 
kWh at 10A) to the common dc-busbar; an alkaline electrolyser designed to operate 
between 5 and 26 kW power input (7 bar maximum operating pressure, maximum 
current density, 300 mA/cm2); and first a 6.5 kW alkaline fuel cell and then a 5 kW 
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PEM fuel cell due to unreliability of the alkaline fuel cell. All four PV arrays were 
connected to the dc-busbar by dc-to-dc converters and maximum power point (MPP) 
controllers. A logical algorithm, based on the state-of-charge of the battery, was 
implemented to determine the energy flow from the PV array to the consumer and to 
make the system energy efficient. During the system operation between 1997 and 2001, 
the PV array directly met 20-25% of required energy demand, with 50-52% fulfilled by 
the battery and 20-25% met by long-term hydrogen and oxygen storage and utilisation 
in a fuel cell. 
 
Generation of hydrogen by water electrolysis using photovoltaic (PV) and/or wind 
power and its subsequent use in a fuel cell for power generation is one of the most 
sustainable options for standalone remote area power supply (RAPS) systems 
(Agbossou et al. 2001; El-Osta & Veziroglu 1990; Lund 1991). This option has zero 
greenhouse gas emissions when the system is in operation, and the hydrogen produced 
can be stored for a long period to compensate for the intermittency of solar insolation  
(Ghosh et al. 2003). But there is a potential impedance mismatch between electrolyser 
loads and the output characteristics of a PV array (Bilgen 2001; Mettawee et al. 2005). 
Optimal matching, in terms of maximisation of the energy transfer and hence 
production of hydrogen at minimum cost, is essential for improving system 
performance and economics. As discussed above, most of the systems made to date 
employ an expensive dc-to-dc converter, and/or maximum power point tracker, and 
other power controlling and conditioning devices between the PV array and the 
electrolyser in an effort to match the load and hence optimise the energy transfer and 
hydrogen production. 
 
A few studies have been reported in the literature on direct coupling of a PV array with 
the electrolyser. A solar PV plant that uses hydrogen as the energy storage media and 
fuel cell for generating power was installed at the Humboldt State University (HSU) 
Telonicher Marine Laboratory in 1991 (Lehman et al. 1997). In this system, a 9.2 kW 
PV array was directly coupled to a 6 kW alkaline electrolyser and an air compressor 
(load), and a 1.5 kW PEM fuel cell to generate power when the PV output is insufficient 
to operate the load. This study did not include a theoretical analysis or experimental 
measurement of the efficiency of energy transfer between the PV array and the directly-
coupled electrolyser. Another direct-coupled stand-alone solar-hydrogen systems has 
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been demonstrated in ENEA Research Center, Italy (Galli & Stefanoni 1997). This 
system comprised a 5.6 kW PV array directly-coupled to a 5 kW self-pressurised (20 
bar maximum) alkaline electrolyser, a metal hydride hydrogen storage of 18 Nm3 
capacity, and 3 kW Ballard PEM fuel cell. No methodology to achieve maximum 
energy transfer from the PV array to the electrolyser, or experimental results for the 
energy transfer and hydrogen production, was reported. Kawashima, Honda & 
Hosokawa (2002) conducted a simulation to match the number of solar modules and 
proton exchange membrane (PEM) electrolyser based on the hydrogen conversion 
efficiency, but for their experimental study they used a dc-to-dc converter. Ahmad & El 
Shenawy (2006) conducted a small-scale experiment on hydrogen production using a 53 
W photovoltaic module connected to a single-cell alkaline electrolyser with and without 
a maximum power point tracker. They have reported that the PV-electrolyser system 
with such a tracker has a higher overall efficiency than a direct-coupled system. 
However, no strategy for maximising the energy transfer between the PV module and 
electrolyser, and hydrogen production, in the direct-coupled system was reported.  
 
Very recently, in the course of this project, two more direct-coupled PV-electrolyser 
systems have been demonstrated and reported in the literature (Arriaga et al. 2007; 
Kelly, Gibson & Ouwerkerk 2008). Arriaga et al. (2007) reported that their 2.7 kW PV 
array well matched with 5.6 kW electrolyser when the solar irradiance is in the range of 
600 – 800 W/m2, and they did not report any quantitative experimental result for energy 
transfer, and also the period of direct-coupling operation. Kelly, Gibson & Ouwerkerk 
(2008) discussed an early proof-of-concept direct coupling PV–alkaline electrolyser 
home fuelling system to supply hydrogen to a fuel cell electric car vehicle on average  
daily commute. The authors reported experimental results for only about 38 hours of 
operation over 14 days.    
 
Some researchers (Barbir 2005; Kauranen, Lund & Vanhanen 1994; Lehman & 
Chamberlin 1991; Shapiro et al. 2005) have reported that it might be possible to couple 
PV arrays and PEM electrolyser directly if the current-voltage characteristics of both the 
components are suitably matched. To date, however, no work found in the literature that 
has been done to quantify the degree to which optimal matching can be achieved by 
direct-coupling, or to test optimal direct-coupling experimentally for a longer period.  
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2.4 TECHNOLOGICAL FOCUS OF THIS THESIS 
 
The primary aim of the present research is thus to quantify the degree to which the 
energy transfer between a PV array and PEM electrolyser, and hence the associated 
hydrogen production, can be maximised over the year by optimally matching the 
characteristics of the two components. A methodology for achieving this optimal 
matching is developed, and then investigated both theoretically and experimentally. In 
addition, the effects of intermittent power input from the PV array on the hydrogen 
production and durability of the directly-coupled electrolyser are explored – these 
effects are as yet uncertain (Barbir 2005). The focus in this thesis is on the system 
configuration in which all the PV output is directly fed to the PEM electrolyser to 
produce hydrogen and the fuel cell is used to meet all the loads, and there is no MPPT 
and/dc-to-dc converter between the PV array and the electrolyser (Figure 2.4).  
 
 
 
Figure 2.4: Conventional solar–hydrogen RAPS system employing a dc-to-dc 
converter/maximum power point tracker (MPPT), and the alternative direct-coupled 
configuration (heavy dotted line)  
 
Potential benefits of this research project are more cost-competitive and emission-free 
remote area energy systems, which will help in taking a further step towards a 
sustainable ‘hydrogen economy’ on the much larger scale. Direct-coupled PV-
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electrolyser systems also have potential application for dedicated hydrogen production 
for hydrogen refuelling station in vehicle applications, or domestic production of 
hydrogen to fuel a car, and for a variety of uses in the home, such as generating hot 
water, powering appliances and cooking (Bilgen 2004; Gibson & Kelly 2008; 
Jungmeier et al. 2008; Kelly, Gibson & Ouwerkerk 2008; Vidueira, Contreras & 
Veziroglu 2003).   
 
2.5 TRIPLE BOTTOM LINE BENEFITS OF DIRECT-COUPLED PV-
ELECTROLYSER SYSTEMS FOR RAPS 
 
2.5.1 Economic Benefits 
 
At present, solar-hydrogen RAPS systems are very costly, as a result of the high cost of 
the photovoltaic modules, electrolyser, fuel cell, hydrogen storage, and power 
conditioning or controlling devices such as maximum power point tracker (MPPT), load 
splitter, dc-to-dc converter and dc-to-ac inverter. In a conventional solar-hydrogen 
system, a relatively expensive power controlling and voltage conversion device 
(MPPT/dc-to-dc converter) is necessary to couple the PV array and electrolyser, due to 
potential mismatch between the electrolyser load and PV array output.       
 
If solar-hydrogen systems can be designed with optimal direct coupling of the energy 
source to the electrolyser, potentially around US$ 700/kW of the system for electronic 
voltage conversion and maximum power point tracking system can be avoided (Khan & 
Iqbal 2005; Outbackpower 2009; Zoulias & Lymberopoulos 2007). This reduction in 
capital cost will reduce the unit cost of power delivered by the solar hydrogen system. 
The prospects of renewable-hydrogen systems becoming economically competitive in 
certain RAPS applications will thus be enhanced. The effect of capital cost of maximum 
power point tracker/dc-to-dc converter on the unit cost of hydrogen production is 
estimated in the following chapter. 
 
Doddathimmaiah (2008) investigated the use of a unitised regenerative fuel cell (URFC) 
in solar-hydrogen RAPS systems. A URFC is a single device that can work reversibly, 
that is, either as an electrolyser to produce hydrogen, or as a fuel cell to produce power 
for solar-hydrogen systems. He estimated that by implementing a URFC in a solar-
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hydrogen system the unit cost of power delivered may be able to be reduced by up to 
14% compared to conventional solar-hydrogen systems that use a dedicated electrolyser 
and fuel cell; provided the capital cost of a URFC can be kept much lower than the 
combined cost of a separate electrolyser and fuel cell, and performance and life times 
maintained. It is noteworthy that the work conducted in the present thesis on direct 
coupling a PV array to a PEM electrolyser may also be applied to a solar-hydrogen 
system employing a URFC, and hence yields a further reduction in the unit cost of 
electricity supplied for remote applications.     
 
More generally, if cost-competitive direct-coupled solar-hydrogen systems can be 
developed, it will open up opportunities for further economic benefits through the 
growth of firms producing, commercialising and installing such systems in Australia 
and overseas. 
 
2.5.2 Environmental Benefits 
 
At present the increase in global temperature and hence climate change are mainly due 
to the increase in concentration of greenhouses gases like carbon dioxide, methane, 
nitrogen and sulphur oxides in the atmosphere (Conte et al. 2001; IPCC 2007). The 
main greenhouse gas, carbon dioxide, comes largely from the burning of fossil fuels.  
By widespread implementation of standalone solar-hydrogen systems in remote 
applications, a considerable amount of greenhouse gas emissions can be avoided. For 
example, throughout Australia around 10 000 households are off-grid, and half of these 
are known to be remote rural properties relying on diesel RAPS systems (Shanmugam 
et al. 2002). The total  installed diesel generator capacity for RAPS in farms and remote 
communities is around 500 MW (Shanmugam et al. 2002). Doddathimmaiah  (2008) 
has estimated that total emissions from these conventional diesel based RAPS systems 
be in the order of 60 000 tonnes/y CO2-e. If diesel-operated RAPS systems can be 
replaced by solar-hydrogen systems a considerable proportion of these emissions can be 
avoided.  
 
For PV-battery system zero greenhouse emissions when the system in operation but 
toxicity of electrolyte and electrodes in battery, safe disposal of considerable amount of 
solid and chemical waste are all issues of concern. By contrast, solar-hydrogen systems 
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produce zero greenhouse emissions in operation, and do not present problems of toxic 
electrolyte handling and disposal when PEM electrolyser and fuel cells are used. 
 
Through using solar-hydrogen RAPS systems, remote households, communities, tourist 
operations and businesses will thus reduce their reliance on expensive diesel fuel and 
move towards a clean, renewable and sustainable energy system. 
 
2.5.3 Social Benefits 
 
At present both PV/wind, diesel and battery based RAPS systems have been used for 
many years and users are familiar with these options, whereas solar-hydrogen systems 
are essentially at a pre-commercial stage of development. As a new technology, it will 
be important for the manufacturers, sellers and installers of solar-hydrogen based RAPS 
systems to build-up confidence and trust in these systems with potential users. The 
smooth acceptance of solar-hydrogen systems by users will depend on many factors 
such as user education about the new system, establishing reliability and simplicity of 
system operation and design, and most importantly setting up appropriate safety 
procedures and standards. Added safety precautions will be required since hydrogen gas 
is highly flammable, and hydrogen storages will need to be able to withstand extreme 
weather conditions such as lightning strikes and bushfires, which are very common in 
Australia’s geography and climate conditions. Direct-coupled solar-hydrogen systems 
have the potential to assist in the satisfaction of some of these requirements due the 
simplification of system design and savings in electronic devices they can provide.  
 
A key social issue associated with the commercial deployment of solar-hydrogen 
technologies is thus gaining user acceptability and confidence in the safety of such 
systems. If these barriers are overcome successfully, this technology has the potential to 
reduce Australia's total dependence on conventional fossil fuels and enhance national 
energy security. There can also be substantial employment benefits associated with the 
design, manufacture and commercial deployment of solar-hydrogen systems. The use of 
such systems can further provide cheaper and reliable energy to remote communities, 
including indigenous communities in Australia and rural communities in developing 
countries that are not served by the main electricity grids.  
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3. DIRECT-COUPLING OF A PV ARRAY TO A PEM 
ELECTROLYSER: THEORETICAL AND QUANTITATIVE 
ANALYSIS 
 
3.1 INTRODUCTION 
 
This chapter presents a theoretical analysis of the conditions required for optimal 
matching of a PV array and a PEM electrolyser in the direct-coupled condition. The 
degree to which direct-coupling can approach the maximum power point operation of 
the PV modules when coupled to a PEM electrolyser, and also produces hydrogen at 
minimum cost, is investigated. This theoretical analysis is then applied to the coupling 
of a PV array based on a particular PV module, and a PEM electrolyser stack based on a 
particular PEM electrolyser cell, to assess quantitatively the efficacy of direct-coupling 
compared to perfect maximum power point tracking at all times. 
 
A schematic diagram of a basic standalone solar-hydrogen RAPS system is shown in 
the previous chapter (Figure 2.4). In a conventional solar–hydrogen system a dc-to-dc 
converter and maximum power point tracker (MPPT) are used to ensure optimal power 
transfer between the PV modules and the electrolyser. The potential advantage of direct 
coupling is that the significant costs of this electronic coupling system can be totally 
avoided, thus improving the overall economics of renewable-hydrogen systems 
compared to petrol or diesel RAPS systems with batteries. 
 
To match the PV array output with the electrolyser load, it is first necessary to know the 
current (I)–voltage (V) characteristic of both the components, to ensure that the PV 
array is able to supply the minimum cut-in voltage of the electrolyser to initiate the 
electrolytic action (disassociation of water into oxygen and hydrogen) at all solar 
irradiances. It is also necessary to ensure that for higher irradiances the output current 
from the PV array does not exceed the maximum rated current of the electrolyser, since 
a higher current is likely to damage the electrolyser cell. Sections 3.2 and 3.3 of this 
chapter describe the I-V characteristic of both the basic PV module used in the array, 
and the basic PEM electrolyser cell employed. Section 3.4 explains the theoretical
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analysis on matching strategies for the PV array and PEM electrolyser. The theoretical 
matching technique is then applied in sections 3.6 to 3.8 to a PV array based on a 
particular PV module and a PEM electrolyser stack employing a particular PEM cell, to 
find the optimum combination in terms of overall annual energy transfer, hydrogen 
production and unit cost of hydrogen production. 
 
3.2 PV CHARACTERISTICS 
 
3.2.1 PV Basics 
 
Photovoltaic (PV) modules that convert sunlight directly into dc electricity consist of 
two layers of semiconductor material, generally silicon doped with impurities. Pure 
silicon, which is a good semiconductor material, contains just the right number of 
electrons to fill the valence band, and at absolute zero temperature, the conduction band 
is empty (Figure 3.1a).  
 
 
 
Figure 3.1: Energy bands and electron-hole distribution in semiconductor materials 
 
When thermal energy is added, electrons are released and jump to the conduction band. 
The energy gap, Eg, between the valence band and conduction band is called the ‘band 
gap’. This is the amount of energy that electrons need to transfer from the valence band 
into the conduction band (Masters 2004). The band-gap for silicon is 1.12 eV. When a 
photon of sunlight with more than that amount of energy is absorbed by a solar cell, an 
electron may jump to the conduction band and thus be able to move freely through the 
crystal lattice. This loss of an electron will also result in creating a net positively 
charged hole inside the valence band that can also move through the semiconductor 
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material. But this intrinsic conductivity of semiconductor material is countered by the 
recombination process of electron and hole unless there is some way to sweep the 
electrons away from the holes (Kaltschmitt, Streicher & Wiese 2007). 
 
The number of electrons in the conduction band (Figure 3.1b) can be increased 
considerably by doping silicon with small amounts of phosphorous, which gives one 
extra free electron for each impurity atom This type of semiconductor is called n-type 
material as there are now negative charges that can move around the crystal.  
Alternatively, the number of holes in the valence band (Figure 3.1c) can be increased by 
doping silicon with boron. This type of semiconductor is called p-type material, as this 
doping creates electron deficiency in the valence band; and the missing electrons behave 
as positively charged particles, or holes, moving around the crystal (Markvart 2000).       
 
When n-type material and p-type material are brought together to make a solar cell, a 
junction is formed between them. Mobile holes from the p-type side will diffuse into the 
n-type side, creating immobile negative charges in the p-region. In a similar way mobile 
electrons from the n-type side diffuse into the p-type side to fill holes, leaving immobile 
positive charge in the n-region (Figure 3.2a). Due to these immobile positive and 
negative charges, an electric field is built-up across the p-n junction interface, called a 
depletion layer, as shown in Figure 3.2b. At steady state, the electric field created 
counteracts the transfer of charge carriers and eventually stops this movement across the 
junction. 
 
 
 
Figure 3.2: Formation of p-n junction when p-type and n-type materials first brought together, 
and build-up of an electric field at steady state (Masters 2004)  
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Now if the photons of sunlight strike the solar cell, hole-electron pairs on both sides of 
the junction will be formed. The electric field in the depletion region will push the holes 
into the p-side and pull the electrons into the n-side. Finally, the p-side becomes 
charged positively while the n-side is charged negatively (Figure 3.3). This process of 
charge separation by the incident photons is called the p-n photo-effect or photovoltaic 
effect. Electrons and holes will accumulate until the opposite forces of the accumulated 
charges start to impede additional accumulation; that is, until the electrical potential 
created by the accumulation of electrons and holes is balanced by the diffusion potential 
of the p-n junction (Kaltschmitt, Streicher & Wiese 2007). If electrical contacts are 
attached to the top and bottom of the cell, and connected to a load, electrons will flow in 
the external circuit from n-side to the p-side, and recombine with holes. The 
conventional positive current will flow in the opposite direction from p-side to the n-
side, as shown in Figure 3.3.   
 
 
 
Figure 3.3: Photovoltaic energy conversion by a solar cell and generated power supplied to a 
load  
 
3.2.2 Mathematical Formulation 
 
A photovoltaic cell is like a p-n junction diode exposed to sunlight that directly converts 
light into electricity. A more accurate equivalent circuit of a solar cell basically consist 
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of a current source in parallel with a diode, parallel resistance, Rp, and series resistance, 
Rs, as shown in Figure 3.4. 
 
 
 
Figure 3.4: Equivalent circuit of a PV cell 
 
The general equation for the relationship between current and voltage of a photovoltaic 
cell is given by Masters (2004): 
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where, Ic is the PV cell output current, Vc is the PV output voltage, Iph is the photo 
current, Id is the diode current, Ir is the reverse saturation current, q is the charge of an 
electron (1.602×10-19 C), A is the cell or p-n junction ideality factor [for amorphous 
cells it is 1 and  for crystalline cells is 2 (Gow & Manning 1999)], k is the Boltzmann’s 
constant (1.381×10-23 J/K), and T is the PV cell operating temperature (K). 
 
Hussein et al. (1995) mentioned that the value of Rp is very large and Rs is very small, 
so they can in practice be neglected with minimal error to simplify Equation 3.1 to;  
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Figure 3.5:  Schematic diagram showing PV cells connected in series in a module, and modules 
connected in parallel in an array   
 
If there are ns cells connected in series in a module and np such modules in parallel in an 
array (Figure 3.5) to get the required output, Equation 3.2 can be written as 
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where V is the voltage across the array as a whole, and I is the total current flowing 
through the load connected to the array. 
 
The photocurrent, Iph, is directly proportional to the incident solar radiation and also 
depends on cell temperature according to the relationship (Xiao, Dunford & Capel 
2004):  
 
( ) ( )[ ]s
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Tsscaph TTKG
G
ITGI −+= 01),(       (3.4) 
 
where Ga is the solar irradiance, and T is the cell operating temperature, which is also 
dependent on incident irradiance. Other terms are constant: Isc(Ts) is the short-circuit 
current on standard test condition (STC), Gas is the standard  irradiance (1 000 W/m2), 
K0 is the temperature coefficient on short circuit current, and Ts is the standard 
temperature (25oC). Cell operating temperature is approximately proportional to the 
incident solar irradiance and is given by (Luque & Hegedus 2003):  
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ata GCTT +=          (3.5) 
 
where the constant, Ct , is given by: 
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NOCT is the normal operating cell temperature, which is generally given in the 
manufacturer’s specifications.  
 
The photocurrent, Iph, is assumed in Equation 3.4 to be unaffected by changes in the PV 
cell output voltage, since the changes in electric field in the region of the p-n junction 
caused by changes in cell potential are typically several orders of magnitude lower than 
the relatively strong electric field due to the net positive and negative charges that build 
up across the junction due to the diode effect (Masters 2004).  
 
The reverse saturation current, Ir, (Equation 3.3) varies with temperature according to 
the relationship (Walker 2001): 
 
( )






−−
×





=
s
g
TTAk
qEA
s
Tsrr eT
TII
113
       (3.7) 
 
where Eg is the band gap energy of the semiconductor material used to make the module 
(1.12 eV for crystalline silicon). The value of reverse saturation current at standard 
temperature, Ir(Ts), can be calculated by putting I = 0 in Equation 3.3 for the open-circuit 
condition and using the value of open-circuit voltage, Voc(Ts), and short-circuit current, 
Isc(Ts), at standard temperature. 
∴ Iph = Isc(Ts) and V = Voc(Ts); hence from Equation 3.3 
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The output power, P, from the PV array is the product of output current, I, and the 
corresponding voltage, V: 
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The voltage, Vmax, at maximum power point (MPP) can be obtained by differentiating 
the Equation 3.9 and setting dP/dV = 0: 
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For a given solar irradiance the photo-generated current, Iph, is constant. Thus at MPP: 
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By solving the Equation 3.11, Vmax can be calculated as a function of Iph and Ir. Once the 
value of Vmax is found for a given solar irradiance, the current, Imax, at MPP can be 
obtained from Equation 3.3. 
 
Thus current (I)-voltage (V) and power (P)-voltage (V) characteristics of the PV array 
can be simulated by making step variations of voltage, V, for different solar irradiance 
values, Ga, in the above equations. 
 
3.2.3 PV Modelling  
 
By applying the above theoretical analysis, current-voltage and power-voltage 
characteristics curves of a PV module/array for varying solar irradiances and operating 
cell temperatures have been generated by mathematical modelling on an Excel 
spreadsheet (Figure 3.6). I–V and P-V characteristics curves of any crystalline silicon 
PV module/array can be generated with this model. 
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Figure 3.6: Sample Excel worksheet for the PV characteristics model 
 
In this model, the main input parameters are open-circuit voltage, short-circuit current, 
temperature coefficient at short circuit current, number of cells connected in series in a 
module, and normal operating cell temperature (NOCT). Values for these parameters are 
generally available from the manufacturer’s data for a particular PV module. Other 
input parameters are solar irradiance, ambient temperature, and the numbers of PV 
modules connected in series and/or parallel in the array. By making stepwise variations 
in the voltage from short circuit to open circuit, the model then calculates the 
corresponding values of output current and power for different solar irradiances. To find 
the maximum power point output from the PV array for different solar irradiance 
values, Equation 3.11 has been solved in “Maple” equation-solver software to obtain 
Vmax as a function of the photo-generated current, Iph, and reverse saturation current, Ir. 
Once the values of Vmax are input to the model, the current, Imax, and hence power, Pmax, 
at MPP are found. After that the model plots output I-V and P-V characteristic curves, 
and the maximum power point line for different solar irradiances.             
 
As an example, the theoretical analysis has been applied to BP275 PV modules using 
the manufacturer’s specifications at standard test conditions (STC) – that is, an average 
solar spectrum at air mass 1.5, irradiance normalised to 1 000 W/m2, and a cell 
temperature of 25oC (Table 3.1 and Appendix 3).  
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Model type = BP 275 (36 cells connected in series) 
Area of each module APV = 118.8×53 cm2 
Peak power Pmax(TS) = 75 W 
Peak power voltage Vmax(TS) = 17 V 
Peak power current Imax(TS) = 4.45 A 
Short circuit current Isc(TS) = 4.75 
Open circuit voltage Voc(TS) = 21.4 
 
Table 3.1: Specifications of the PV module (BP 275) 
 
Simulated I-V and P-V characteristics curves for different solar irradiance levels and 
corresponding PV cell temperatures have been generated using Equations (3.3), (3.9) 
and (3.11) in the model, and the maximum power point line drawn on the same graph  
(Figure 3.7 and Figure 3.8). While the output current, voltage and power values will 
vary from one type of PV module to another, the basic form of the characteristic I-V and 
P-V curves with varying solar irradiance, and the maximum power point line, will be 
the same for all PV modules. 
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Figure 3.7: Current-voltage characteristic curves of PV module at different solar irradiances 
and corresponding temperatures for a BP275 solar module 
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Figure 3.8: Simulated power-voltage characteristic curves of PV module at different solar 
irradiances for a BP275 solar module 
 
3.2.4 Temperature Dependence of PV Output Characteristics 
 
In practical applications, PV modules do not operate under standard test conditions. 
Luque & Hegedus (2003) have mentioned that the solar cell operating temperature 
above the ambient is roughly proportional to the incident solar irradiance (Equation 
3.5). To take account of the effect of solar irradiance on cell temperature and hence cell 
output, the model incorporates both a constant cell operating temperature (standard 
25oC) condition, and a variable temperature condition, corresponding to the solar 
intensity. Figure 3.9 shows the I-V characteristic curves of the PV output at 1 000 W/m2 
and two different temperatures; the corresponding maximum power points for both 
cases are also shown. It can be seen that the PV cell operating temperatures have an 
important effect on performance. For the same solar irradiance level, when the PV 
module temperature increases there is a substantial decrease in open circuit voltage, 
causing the MPP to move left along the current axis, while the increase in short circuit 
current is minimal. Consequently, for the theoretical analysis of direct-coupling of a 
PV-electrolyser system in the present study, a variable temperature model has been 
applied. 
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Figure 3.9: Effect of cell operating temperature on the performance of a PV module  
 
3.2.5 Comparison of Experimental and Theoretical PV Output Characteristics   
 
Before applying the simulated I-V characteristic of PV module for matching with the 
electrolyser load characteristic, it is necessary to compare the simulated output 
characteristics of the PV module with experimentally measured characteristics. The PV 
modules BP275 used for this analysis were characterised experimentally using the 
detailed procedure that will be explained in chapter 4. The experiments were conducted 
in Melbourne on a clear and cloud-free day in the month of July. During the experiment 
the solar irradiances varied between 843 and 858 W/m2, ambient temperatures from 8.6 
to 9.8oC, and PV module temperatures from 36.4 to 38oC. For simulating the I-V 
characteristic curve and MPP, the average values of solar irradiance and ambient 
temperature of all the experimental data points were taken as inputs: specifically 851 
W/m2 and 9.4oC respectively. Experimental and theoretical I-V characteristic curves of 
the BP275 PV panel and corresponding maximum power point are shown in Figure 
3.10. Experimental result shows that at maximum power point the voltage was 15.38 V 
and current was 3.57 A, and for the same voltage input in the model produced 3.73 A.  
Close agreement was found between them and is evident in the figure, with a 
discrepancy of 4.3%. The model always gave higher current for a given voltage, and the 
remaining slight difference was probably due in part to neglecting series and parallel 
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resistances in the equivalent circuit of the PV cells in order to simplify the model, as 
suggested by Hussein et al. (1995), Yeong-Chau, Tsorng-Juu & Jiann-Fuh (2001) and 
Sugimoto & Dong (1997). Since the aim is to study an integrated solar-hydrogen 
system, the less detailed model of the PV array itself has been adopted in the present 
work. The model calculates the average PV module temperature as 38.1oC, using the 
experimentally-measured average solar irradiance and average ambient temperature 
value. This is very close to the experimentally-measured average value of the PV 
module temperature of 37.5oC using all the data points. This small difference is mainly 
due to the fact that the PV temperature is measured at the back of the PV module, which 
is not exactly the PV cell junction temperature.    
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Figure 3.10: Experimental and simulated I-V characteristic curves of BP 275 PV module 
 
3.3 PEM ELECTROLYSER CHARACTERISTICS 
 
3.3.1 PEM Electrolyser    
 
A Proton Exchange Membrane (PEM) electrolyser, also known as a solid polymer 
electrolyte (SPE) electrolyser, has a solid state electrolyte made from an ion-conducting 
polymer membrane. The most commonly used polymer membrane is a 
perfluorosulfonic acid (PFSA) membrane (such as Nafion®), which was first introduced 
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by General Electric, USA, in 1955 (Rajendran 2005). Application of a dc voltage to a 
PEM electrolyser leads to the production of very pure hydrogen and oxygen by the 
electrolysis of water. A PEM electrolyser is similar to a PEM fuel cell, but the operating 
principle is the exact reverse of fuel cell operation (Barbir 2005). The electrodes serving 
as anode and cathode are bonded to or deposited in situ on either side of the membrane. 
The membrane plus electrodes is normally called a membrane electrode assembly 
(MEA) (Hoogers 2003), and it is where the actual electrochemical reactions and water 
splitting take place. A schematic showing the principle of operation and basic structure 
of a PEM electrolyser cell is shown in Figure 3.11. When a dc voltage is applied, water 
molecules (H2O) are split into oxygen, protons (H+) and electrons (e-) at the anode, due 
to the electric fields present and the catalytic action of the platinum. The protons 
migrate through the membrane, which is a good proton conductor but does not allow 
electron flow, to the cathode, where they combine in pairs with the electrons from the 
external circuit to form hydrogen gas molecules (Gorgun 2006). The migration of 
protons through the membrane is also accompanied by transport of water though the 
membrane, known as electro-osmotic drag. The membrane is, however, impervious to 
oxygen and hydrogen molecules and thus prevents the produced hydrogen and oxygen 
gas from mixing, allowing each gas to be collected separately. 
 
 
 
Figure 3.11: A PEM electrolyser cell construction and operating principle  
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3.3.2 Current-Voltage Characteristic of PEM Electrolyser 
 
The overall electrochemical reaction in which water is decomposed into hydrogen and 
oxygen in the electrolyser cell can be expressed as (Ulleberg 1998):  
 
( )lOH 2 + electrical energy ( )dc → ( ) ( )gOgH 22 2
1
+ .     (3.12) 
 
The reactions at the anode and cathode of the electrolyser cell are: 
 
Anode: ( )lOH 2 → ( ) −+ ++ eHgO 222
1
2       (3.13) 
Cathode: −+ + eH 22 → ( )gH 2 .       (3.14) 
 
If there are no losses in the electrolyser cell, that is, if the process is reversible, the 
electrical energy required to split the water is equal to the Gibbs free energy. For the 
case of electrolyser reaction, the Gibbs free energy is a positive quantity, and at standard 
temperature and pressure (STP), the standard potential, E0, of the cell is given by 
(Gorgun 2006): 
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In the above equation ne = 2, since for each mole of water that splits, two mole of 
electrons are liberated. F is the Faraday constant (96 485 C/mol). 
 
The change in Gibbs free energy, ∆G, can be expressed in terms of change of enthalpy, 
∆H, change of entropy, ∆S, and absolute temperature, T, as follows:  
 
STG ∆−∆Η=∆ .         (3.16) 
 
The reversible voltage, E, of the electrolyser cell is also known as the Nernst potential, 
which depends on temperature and pressure and can be expressed empirically for a 
PEM cell as (Bernardi & Verbrugge 1992):  
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where R is the universal gas constant (8.3145 J/mol-K), and
2H
p and
2Op are the partial 
pressures of hydrogen and oxygen respectively. 
 
The overall cell voltage, Vc, of the PEM electrolyser is higher than the reversible 
voltage due to various losses in the cell. These losses include the electrode activation 
overpotentials at the anode and cathode, and transport overpotentials. Transport 
overpotentials consist of the potential drop across the membrane due to its ohmic 
resistance to proton flow, and potential drops across the gas diffusion backing layers 
and end plates of the cell due to their ohmic resistances to electron flow. Hence, the 
required cell voltage for PEM electrolysis can be expressed as (Choi, Bessarabov & 
Datta 2004): 
 
iohmiccactaactc EV ηηηη ++++= ,,        (3.18) 
 
where aact ,η  is the anode activation overpotential; cact ,η  is the cathode activation 
overpotential; ohmicη  is the membrane resistance overpotential; and iη  is the interfacial 
overpotential between membrane and electrode. 
 
The electrode activation overpotentials, which represent the overpotential required for 
electrochemical reaction, can be expressed as a function of cell exchange current 
density on hydrogen side (cathode), HOJ , and oxygen side (anode), OOJ , by applying the 
Butler-Volmer equation as follows (Doddathimmaiah 2008):  
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where, Oα , Hα  are the charge transfer coefficient on the anode side and cathode side 
respectively.  
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The membrane resistance overpotential, ohmicη , and electrode-membrane interfacial 
overpotential, iη , can be expressed as (Choi, Bessarabov & Datta 2004): 
cohmic J


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σ
δη          (3.21) 
cii JR=η           (3.22) 
 
where, Jc is the cell current density (mA/cm2), δ is the thickness (µm) of PEM,  σ is the 
conductivity (S/cm) of membrane and Ri is the interfacial resistance (Ω/cm2). 
 
Hence, the overall voltage for a PEM electrolyser cell can be expressed as a function of 
current density, by combining Equations (3.19)-(3.22) with (3.18).   
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By applying these above equations, the Jc-Vc characteristic curve of a PEM electrolyser 
cell can be generated by mathematical modelling.  
 
In the present study to investigate the optimal coupling of an electrolyser load with the 
output of the PV array, current-voltage characteristic curves for PEM electrolyser cells 
based on those measured experimentally for commercially available h-tec 50 W StaXX7 
PEM electrolyser units have been employed. The specifications of this type of 
electrolyser are given in Table 3.2.  
 
 
 
 
 
 
 
 
 
 
 
Table 3.2: Specifications of the h-tec StaXX7 PEM electrolyser  
 
 Model type = StaXX7 (h-tec) 
 Dimensions = 190 (H)×264 (W)×200 (D) mm 
 Weight = 1.48 kg 
 Total number of cells = 7 cells connected in series 
 Electrode area of each cell = 16 cm2  
 Power = 50 W at 14 V dc 
 Permissible voltage = 10.5–14.0 V dc 
 Permissible current = 0–4.0 A dc 
 H2 production rate = 230 Ncm3/min     
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An experimental current-voltage characteristic curve for this type of electrolyser is 
shown in Figure 3.12. The detailed experimental procedure for characterising these 
electrolysers will be described in chapter 4. Different PEM electrolysers will in general 
have I-V characteristic curves with different values, but the form of the curves will 
always be closely similar to that shown in Figure 3.12; that is, current is near zero until 
a cut-in voltage is reached, after which it increases approximately linearly with 
increasing voltage up to its maximum rated current. The cut-in voltage is the minimum 
voltage that must be applied to the electrolyser to initiate the electrolysis reaction. 
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Figure 3.12: Measured current-voltage characteristic curve of a StaXX7 PEM electrolyser  
 
Figure 3.13 shows the current density (Jc)-voltage (Vc) characteristic curve of individual 
cell of StaXX7 electrolyser unit. Vc points have been obtained by dividing each 
experimental data point of voltage by seven as all the cells are connected in series; and 
Jc points were obtained from the corresponding current values, by multiplying by 1 000 
and dividing by the cell area (16 cm2). 
 
Let us consider the case of n individual PEM cells connected in series in each branch to 
form  a string, and m such branches connected in parallel to form the PEM electrolyser 
bank as shown in Figure 3.14. 
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Figure 3.13: Current density–voltage characteristic curve of individual cell of StaXX7 PEM 
electrolyser  
 
If V is the voltage across the bank as a whole, the voltage across each individual cell, Vc, 
is: 
 
n
VVc =           (3.24) 
 
and if I is the total current through the bank, the current density though the each cell, Jc, 
is: 
 
PEM
c Am
IJ
.
=         (3.25) 
 
and the individual cell current, PEMcc AJI ×= ; where, APEM is the area of each cell. So, 
the Equation 3.25 becomes 
 
m
II c = .        (3.26) 
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Figure 3.14: Series-parallel configuration of cells in a PEM electrolyser bank 
 
As shown in Figure 3.12, after the cut-in voltage, current increases approximately 
linearly with the increase of applied voltage. Considering a single-cell PEM 
electrolyser, the Ic-Vc curve can be approximated by a straight line with slope, mc, over 
its allowed operating range. The cut in voltage, Vc,ci, for each cell can be taken as the 
intercept of the straight line with the voltage axis (Figure 3.15). 
 
 
 
Figure 3.15: Current–voltage characteristic curve of a PEM electrolyser cell  
 
 
Chapter 3: Theoretical and Quantitative Analysis of Direct-Coupling 
 
44 
So, the individual cell current can also be expressed as: 
 ( )cicccc VVmI ,−=          (3.27) 
 
Now the individual cell current and voltage can be expressed in terms of the whole 
bank’s current and voltage as:   
 






−= cicc V
n
V
m
m
I
,
. 
 
Hence, the electrolyser bank current becomes 
 
( ) ciccccicc mVmV
n
m
mnVV
n
mm
I
,,
.
−





=−= .      (3.28) 
 
Thus the cut-in voltage for the bank ciccib nVV ,, = .     (3.29) 
 
The corresponding slope of the I-V curve for the bank is given by cb m
n
m
m = . (3.30) 
 
Equation 3.30 shows that slope of I-V curve of the electrolyser bank will increase with 
increasing m (number of branches in parallel), and decrease with the increase of n 
(number of cells in series). 
 
The maximum current through the bank, Ibm, will occur when cmc II =  (maximum 
allowable cell current): 
 
cmbm ImI .= .          (3.31) 
 
The maximum voltage across the bank, Vbm, will occur when cmc VV =  (maximum 
allowable cell voltage)  
 
∴ cmbm nVV = .          (3.32) 
 
From Faraday’s law of electrolysis, if Ic is the cell current, the theoretical maximum 
hydrogen production rate (mol/s) from a single cell electrolyser is given by: 
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Fn
I
n
e
c
thcH
.
)(,2 =ɺ  mol/s.        (3.33) 
 
In practice, not all the hydrogen produced by an electrolyser for a given current is 
collected, as a result of crossover of hydrogen produced back through the membrane or 
other pathway, leakage, and the passage of some electrons through the membrane 
without taking part in the decomposition reaction (Larminie & Dicks 2003). The 
Faraday efficiency, Fη , of the electrolyser is the ratio of actual hydrogen produced to 
theoretical maximum possible production by the given current. Hence, the actual 
hydrogen production rate by a single electrolyser cell can be written as:  
 
Fn
I
n
e
c
FcH
.
,2
×= ηɺ  mol/s        (3.34)        
 
where ne is the number of electrons involved in the electrolytic reaction, which is two 
for the water disassociation reaction used in a PEM electrolyser. 
 
Hence, hydrogen power production from each cell, cHP ,2  can be expressed as: 
 
22 2, H
c
FcH HHVF
I
P ××= η         (3.35) 
 
where, 
2H
HHV  is the higher heating value of hydrogen. 
 
Total hydrogen power production from an electrolyser bank, bHP ,2  = No. of cells × cHP ,2   
At STP the thermoneutral potential of the electrolyser is 48.1
22
2
==
∆
=
F
HHV
F
GE H  Volt 
(Larminie & Dicks 2003) 
 
Hence 48.1
,2
××= cFcH IP η =
m
I
F ××η48.1 .      (3.36) 
 
The total hydrogen power production from an electrolyser bank of n cells in series and 
m cells in parallel is thus: 
 
 mn
m
IP FbH ..48.1,2 ××= η = InF ..48.1 η× .      (3.37) 
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3.4 THEORY OF MATCHING A PV ARRAY TO A PEM ELECTROLYSER 
 
3.4.1 Maximum Power Point Matching  
 
Maximum power point matching of a PV array with the PEM electrolyser load 
maximises the energy transfer by operating the electrolyser as closely as possible to the 
MPP line of the PV output. To achieve such optimal matching in the case of a PV array 
that is directly coupled to a PEM electrolyser, ideally the characteristic I-V curve of the 
electrolyser should follow as closely as possible the maximum power point line of the 
PV array.  
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Figure 3.16: Matching of maximum power point line of a PV module/array (purple curves) 
with the current–voltage characteristic curve of a PEM electrolyser bank (blue curves) by 
changing the series-parallel stacking configuration in both the PV module and electrolyser 
 
The key element of the matching strategy investigated in the present work is to vary the 
series-parallel configuration of individual cells in both the PV array and the PEM 
electrolyser so that these two curves align as closely as possible. For example, the 
maximum power point curve of the PV array can be shifted horizontally along the 
voltage axis without change on the vertical (current) axis by adding PV cells in series to 
the array. Or the maximum power point line can be stretched in the vertical (current) 
direction by adding PV cells in parallel. Meanwhile, the operating curve of the 
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electrolyser can be shifted along the voltage axis by adding PEM cells in series; or 
stretched vertically in the current direction by adding electrolyser cells in parallel. With 
these changes in the stacking configuration of both the PV array and the PEM 
electrolyser, it is possible in principle to achieve a close correspondence between the 
maximum power point line of the PV array and the characteristic I-V curve of the 
electrolyser, as illustrated in Figure 3.16.  
 
3.4.2 Matching for Maximisation of Hydrogen Production 
 
3.4.2.1 Effect of Variation of Number of Cells in Series in the Electrolyser Bank on 
Hydrogen Production 
 
Matching of the PV array with the electrolyser for maximum hydrogen production 
primarily requires maximising the current flow over time from the PV modules to the 
electrolyser, given that the rate of production of hydrogen by the electrolyser is directly 
proportional to current. There is generally a close connection between the total energy 
transfer from the PV array to the electrolyser, the current that flows over time (that is, 
∫ Idt ), and hence cumulative of hydrogen production, but there are some divergences 
from this connection. It will therefore now be explored the extent to which direct 
coupling of a matched PV array and PEM electrolyser, without the use of any 
intervening electronic device like a maximum power point tracker (MPPT) and/ dc-to-
dc converter,  to maximise energy transfer will also maximise hydrogen production.  
 
As mentioned in subsection 3.4.1, the key matching procedure is to vary the series-
parallel configuration of connecting individual cells in both the PV array and the PEM 
electrolyser. Let ‘nsm’ is the total number of PV cells connected in series forming a 
string and ‘npm’ number of such branches are in parallel in a PV array (Figure 3.17). 
Suppose the I-V characteristic curve and MPP of the PV array for a particular solar 
irradiance is as shown in Figure 3.18.  
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Figure 3.17: Series-parallel configuration of PV modules in an array 
 
Voltage, V (Volt)
C
u
rr
en
t, 
I 
(A
)
MPP
 
 
Figure 3.18: Current (I) – voltage (V) characteristic curve of PV array for a particular solar 
irradiance 
 
Assume there are n PEM cells connected in series in each branch, and m such branches 
connected in parallel to form the PEM electrolyser bank, as shown before in Figure 3.14 
(subsection 3.3.2). The current (I)-voltage (V) characteristic curve of the PEM 
electrolyser bank is shown in Figure 3.19.  
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Figure 3.19: Current (I) – voltage (V) characteristic curve of a PEM electrolyser bank  
 
I-V characteristics curves for both the PV array and PEM electrolyser are shown 
together in Figure 3.20.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20: Direct-coupled I–V characteristic curves of PV-PEM electrolyser system with 
varying number of series connected cells in the electrolyser bank. Black, purple and blue lines 
are the operating lines of the electrolyser corresponds to n, n+1 and n-1 number of cells 
connected in series in the electrolyser bank  
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In this figure the assumption is that the matching procedure has ensured that the 
operating curve of the electrolyser bank (comprising m branches in parallel with each 
branch having n cells in series) passes through the maximum power point of the PV 
array output for a specific solar irradiance (black line). This point is shown as P on the 
graph. Figure 3.20 also shows the variation of the cut-in voltage and operating slope of 
the electrolyser operating line, with increasing and decreasing the number of PEM cells 
in series, that is, changing n to n+1, and n-1 respectively .   
 
For PV system current, ( )VII G=        (3.38) 
 
where G is the solar irradiance, and from Equation (3.28)  the electrolyser bank current  
is  
 
ciccc mVmV
n
m
mI
,
−





= .    
 
So, with direct coupling of PV-electrolyser system, 
 
cicccG mVmV
n
m
mVI
,
)( −





= .       (3.39) 
 
Equation (3.39) fixes V for a given G, m and n; or fixes I for given G, m and n. 
So, ( )nmGfI ,,=   
 
∴We need to find m and n that maximises I and hence hydrogen production for a given 
solar irradiance G.  
 
From Equation (3.37) hydrogen power production from the electrolyser bank  
 
InP FbH ..48.1,2 η×= . 
∴ ( )nIInP FbH ∆+∆=∆ ....48.1,2 η        (3.40) 
and 
n
n
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P
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∴ 
n
n
I
I ∆
−≤∆ .         (3.42) 
 
To see the effect of variation of number of cells in series in the electrolyser bank on 
hydrogen power production, Figure 3.20 is redrawn in Figure 3.21 with some additional 
labelling. This figure shows the electrolyser operating point shifted from P to P' when 
number of cells is reduced to n-1, and from P to P" when number of cells is increased to 
n+1, while the number of cells in parallel (m) in the bank is constant for both the case.   
 
 
 
 
 
 
 
 
 
 
 
Figure 3.21: Electrolyser operating line with varying number of cells in series  
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Differentiating Equation 3.28:  
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And dividing Equation 3.44 by Equation 3.28 
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So, from Equations 3.45 and 3.43 
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Let 





−=
V
nV cic,1α , hence Equation 3.46 can be rewritten as 
( )α+
∆
−
≅
∆
∴
1
n
n
I
I
         (3.47) 
 
where 0>α  as VnV cic <,  
Therefore the denominator of the right hand side of the Equation 3.47 is greater than 
one. 
Hence 
n
n
I
I ∆
−≤∆ , which complies with Equation 3.42, the condition for the rate of 
hydrogen production to fall as n is changed to n + ∆n.  
 
So, the above analysis suggests that, for a direct-coupled PV-electrolyser system with 
the electrolyser operating line passing through the maximum power point of the PV 
output, a small decrease or increase in the number of PEM cells in series results in less 
hydrogen power production. The reason for this behavior is that, when the number cells 
in series is reduced by one cell, although the current passing through each series branch 
of the electrolyser bank is slightly increased (Figure 3.21), this positive effect on 
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hydrogen production is offset by the fact that there is one less cell per branch producing 
hydrogen. When the number cells in series is increased by one cell, the negative effect 
of the reduced current passing through each series branch of the electrolyser bank 
offsets the gain in hydrogen production by having more cells. Hence so far as the 
number of series cells is concern, operating at the MPP is also near optimal for 
hydrogen production.  
 
3.4.2.2 Effect of Variation of Number of Cells in Parallel in the Electrolyser Bank on 
Hydrogen Production   
 
Now it is necessary to analyse the case for changing the number of parallel branches in 
the electrolyser bank. Figure 3.22 shows the I-V characteristic curves of a direct-coupled 
PV-PEM electrolyser system with varying number of parallel connected cells in the 
electrolyser bank.  
 
  
 
 
 
 
 
 
 
 
 
Figure 3.22: Direct-coupled I–V characteristic curves of PV-PEM electrolyser system with 
varying number of parallel-connected cells (m) in the electrolyser bank while the number of 
cells in series in each branch (n) remains constant. Black, purple and blue lines are the operating 
lines of the electrolyser corresponds to m, m+1 and m-1 number of branches connected in 
parallel in the electrolyser bank  
 
In this case also, the same assumption as in the previous case (subsection 3.4.3.1) is 
made that the matching procedure has ensured that the operating curve of the 
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electrolyser bank (comprising m branches in parallel with each branch having n cells in 
series) passes through the maximum power point of the PV array output for a specific 
solar irradiance (black line). This point is shown as P on the graph. As the number of 
parallel branches is changed from m to m+1 or m-1 keeping the number of PEM cells in 
series (n) constant, the cut-in voltage will be same for all the cases since it is determined 
solely by the number of cells in series in each branch. But the slope of the operating line 
of the electrolyser will change (Figure 3.22). 
 
The slope of the operating line of the electrolyser bank comprising n cells in series in 
each branch, and m such branches in parallel is given by cm
n
m
. , and increases as the 
number of cell in parallel m is increased to m+1. So the operating point of the direct-
coupled system is moved leftwards from P to P' (Figure 3.23). Hence, the change in 
hydrogen power production from Equation 3.37 is: 
 
( )nIInP FPPbH −′×=∆ ′→ .48.1)(,2 η = ( )IInF −′× ..48.1 η = InF ∆× ..48.1 η .  (3.48) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.23: Electrolyser operating line with increasing number of cells in parallel   
 
From Equation 3.28 the current for the electrolyser bank with m parallel branches each 
with n cells in series is:  
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Similarly, for m+1 parallel branches with n remaining the same:  
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In this above equation ∆I will be positive moving electrolyser operating line from P to 
P' (Figure 3.23) along the I-V characteristic curve of PV array output, and thus 
decreasing the slope of the I-V curve of PV satisfying the condition of V
V
II ∆−≅∆ .  at 
the maximum power point of PV out put. So, according to Equation 3.48 hydrogen 
power production will increase as m is changed to m+1 since more current is passing 
through the electrolyser, even though the operating point of the system moves away 
from the  maximum power point of the PV array (from P to P') in Figure 3.23.   
 
At first sight this behavior may be unexpected, but what is happening is that although 
the energy efficiency of the transfer of solar energy to the electrolyser via the PV array 
is being reduced slightly, the operating energy efficiency of the electrolyser itself is 
increased, so that there is a net increase in the overall system efficiency of converting 
solar energy to hydrogen. However, in order to increase the rate of hydrogen production 
from that achievable with direct coupling and operating at the MPP of the PV array, it 
has been necessary to add an entire additional branch of electrolyser cells. Hence the 
capital cost of the system has been increased, and generally the electrolyser bank will be 
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operating at significantly less than its full capacity. From an economic perspective, 
therefore, the addition of parallel branches in the electrolyser bank beyond the number 
that matches the electrolyser curve to the MPP curve of the PV array may not be 
beneficial, as will be shown later. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.24: Electrolyser operating line with decreasing number of cells in parallel    
 
On the other hand, keeping the number of cells in series, n, constant, and decreasing the 
number of parallel branches in the electrolyser bank to m-1 decreases the slope of the 
electrolyser curve and moves the operating point of the system from P to P" (Figure 
3.24). In this case, the change in hydrogen power production is: 
 
 
( )nIInP FPPbH −′′×=∆ ′′→ .48.1)(,2 η = ( )IInF −′′× ..48.1 η = InF ∆× ..48.1 η .  (3.50) 
 
For the bank of m-1 parallel branches each with n cells in series:  
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According to Equation (3.43) at maximum power point of PV out put I
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In this above equation ∆I will be negative moving electrolyser operating line from P to 
P" (Figure 3.24) along the I-V characteristic curve of PV array output, and thus 
increasing the slope of the I-V curve of PV satisfying the condition of V
V
II ∆−≅∆ .  at 
maximum power point of PV out put. So, according to Equation 3.50 hydrogen power 
production will decrease as less current is passing through the electrolyser, when the 
operating line of the electrolyser moves right from P to P" along the voltage axis from 
the maximum power point of the PV array due to decrease in number of cells in parallel 
in the stack. There is thus no gain in hydrogen production by decreasing the number of 
parallel branches in the electrolyser from that giving MPP matching with the PV array. 
 
3.4.3 Matching for Economics  
 
The main aim for a direct-coupled PV-PEM electrolyser system is to optimise the 
energy transfer as well as hydrogen production with minimal capital investment for the 
system, that is, to find the PV-electrolyser combination for which the unit cost of 
hydrogen production ($/kg) is a minimum. The unit cost of hydrogen produced by 
different PV-electrolyser combinations can be calculated by a lifecycle cost analysis of 
the system. Lifecycle costing considers all the costs incurred over the lifetime of the 
system, including all capital costs for purchase, installation, and replacement, and the 
recurrent costs of maintenance and repair, and converts all these costs to present values 
using an appropriate real discount rate to take account of the time value of money. The 
lifecycle cost (LC) of a project can thus be expressed as (Marshall & Ruegg 1980): 
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where Ci is any capital, replacement, and operation and maintenance (O&M) cost 
incurred in year i (i = 0, 1, 2, 3 … N); N is the lifetime of the system considered for the 
analysis; and f is the real discount rate.  Since here we are dealing solely with costs (and 
do not have a revenue or savings stream), all Ci values will be taken as positive. 
 
Then for the PV-PEM electrolyser system, the average unit cost of hydrogen production 
over the lifetime of the system, 
2HCU − , can be estimated by dividing the LC value by the 
total amount of hydrogen produced over the life time as follows:  
 
yrbH
HC
mN
LCU
/,2
2 ×
=
−
            (3.53) 
 
where yrbHm /,2  is the amount of hydrogen produced annually from the PV-electrolyser 
system. 
 
The aim is to design the PV-electrolyser system in order to minimise 
2HCU − . It is also of 
interest, in line with the theoretical analysis conducted in subsection 3.4.1, to explore 
the extent to which this economic minimum corresponds to the maximum energy 
transfer between the PV array and the electrolyser bank in the direct-coupling condition. 
 
3.5 SOLAR DATA FREQUENCY HISTOGRAM 
 
For a direct-coupled PV-electrolyser system the difference in energy transfer between 
the PV array and the PEM electrolyser stack in the maximum power point condition and 
the actual condition varies with the solar irradiance. Hence, in order to calculate the 
total difference in energy transfer on an annual basis, it is necessary to know the number 
of hours per year that the solar irradiance is within each range. 
 
A data set of half-hourly averaged solar irradiances on a horizontal surface for the year 
2005 at Melbourne Airport was obtained from the Australian Government’s Bureau of 
Meteorology (Figure 3.25). These data have been converted using a spread sheet to a 
north-facing surface inclined at 40 degree to the horizontal, since this is the optimum tilt 
angle for year-round application at the latitude of Melbourne.  
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Figure 3.25: Sample solar radiation data on a horizontal surface 
 
The key equation for converting these horizontal surface data into the global solar 
irradiance, GG,tilt, on a tilted surface is given by (Quaschning 2005): 
tiltrefltiltdifftiltdirtiltG GGGG ,,,, ++=        (3.54) 
 
where Gdir,tilt = direct irradiance on a tilted surface; Gdiff,tilt = diffuse irradiance on a tilted 
surface; Greft,tilt = ground reflectance irradiance on a tilted surface. 
The direct irradiance on a tilted surface, Gdir,tilt, is related to the direct normal irradiance, 
Gdir,s, as follows: tsdirtiltdir GG θcos,, =       (3.55) 
 
where, tθ  is the angle of incidence of the solar radiation on a tilted surface, which is 
also dependent on the latitude of the location φ , hour angle ω , tilt angle of the surface 
β  and the declination δ  by the relations (Duffie & Beckman 1991): 
 
( ) δβφωδβφθ sin)sin(coscoscoscos +++=t      (3.56) 
)
365
284360sin(45.23 n+×=δ .        (3.57) 
The diffuse irradiance on a tilted surface, Gdiff,tilt, is given by Klucher (1979): 
 
( )sthordirtiltdiff FFGG αθββ 323,, cos.cos12sin1.2
cos1
. +





+




 +
= .      (3.58) 
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Solar altitude angle sα  is also given by: 
 
δφωδφα sinsincoscoscossin +=s       (3.59) 
and 
2
,
,1 






−=
horG
hordir
G
G
F .        (3.60) 
Here Gdir,hor and GG,hor are the direct and global irradiances on a horizontal surface 
respectively. The ground reflectance irradiance on a tilted surface, Grefl,tilt, is related to 
the global irradiance on a horizontal surface, GG,hor, by (Quaschning 2005): 
 





 −
=
2
cos1
..
,,
β
aGG horGtiltrefl                  (3.61) 
 
A value of a of 0.2 has been assumed in the calculation conducted in the present work  
(Quaschning 2005). 
 
The solar radiation data converted to those for an inclined surface were used to obtain a 
frequency histogram for an annual period (Figure 3.26 and Table 3.3). In this 
distribution fj is the number of hours in a year solar irradiance is in the interval between 
(Gj - 0.5∆G) and (Gj + 0.5∆G), where ∆G = 200 W/m2 for j = 2 to 6. f1 is the number of 
hours for which G = 0 W/m2, and f7 is the number of hours G ≥ 1 000 W/m2. 
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Figure 3.26: Solar irradiance frequency histogram (Melbourne Airport 2005)  
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  j Solar irradiance, Gj (W/m2) Frequency, fj (hrs) 
1 0 4 209 
2 100 2 076 
3 300 771 
4 500 541 
5 700 552 
6 900 484 
7 1 000 127 
 
Table 3.3: Inclined surface solar radiation data frequency distribution (Melbourne Airport 
2005) 
 
This distribution has been used in the following sections as an input to the solar-
hydrogen system spreadsheet model to calculate the total energy potentially available 
annually from the PV array, and the fraction of this energy that can be transferred to the 
electrolyser with direct-coupling. Hence the overall annual energy losses by employing 
direct coupling can be found. This histogram has also been used to estimate the 
potential annual hydrogen production from a direct-coupled PV-electrolyser system, to 
check the correspondence between energy transfer and hydrogen production.    
 
3.6 CASE STUDY: ESTIMATION OF ENERGY LOSS THROUGH DIRECT-
COUPLING COMPARED TO MPPT 
 
3.6.1 Optimising the Coupling Between a PV Array and PEM Electrolyser in 
Terms of Energy Transfer 
 
Maximum utilisation of the available power from the PV array by the electrolyser is 
essential to make a solar-hydrogen system more energy efficient and cost effective. In 
most such systems made to date, a power-controlling and voltage-conversion device has 
commonly been used between the PV array and electrolyser. The optimum performance 
and lowest unit power costs are realised by operating the electrolyser at the maximum 
power point of the PV modules. Clearly if optimal coupling can be achieved without the 
use of any intervening equipment such as a dc-to-dc converter and power controller, the 
economic attractiveness of solar-hydrogen systems compared to alternatives will be 
enhanced, since the costs of the coupling electronics are avoided. Hence now it is 
necessary to estimate quantitatively how close to the optimal coupling condition – that 
is, continuous maximum power point operation of the PV module – can be achieved 
with an appropriate direct-coupling arrangement. 
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The amount of power loss, jP∆ , due to direct-coupling of the PV array and PEM 
electrolyser in relation to maximum power point of PV is given by:  
 
EL
j
mPV
jj PPP −=∆             (3.62) 
 
where mPVjP  is the maximum power point of PV output at solar irradiance G = Gj, and 
EL
jP  is the electrolyser power input from the PV panels at G = Gj;  j = 1, 2, 3 … N refers 
to the different solar irradiance ranges in the solar radiation data frequency distribution.  
 
Thus over a full year the total electrical energy loss compared to the maximum 
achievable energy transfer is: 
( ) jN
j
EL
j
mPV
j fPPE ×−=∆ ∑
=1
.        (3.63) 
 
The amount of annual maximum potential electrical energy available from a PV array 
can be estimated as: 
 
( )∑
=
×=
N
j
j
mPV
j fPE
1
.         (3.64) 
 
Hence the percentage of overall annual loss of energy ∆E% compared to perfect 
matching based on maximum power point is: 
( )
( )
100%
1
1
×












×
×−
=∆
∑
∑
=
=
N
j
j
mPV
j
N
j
j
EL
j
mPV
j
fP
fPP
E .                   (3.65) 
 
By applying this theoretical analysis, an Excel spreadsheet model has been developed to 
evaluate the performance of energy transfer, hydrogen production and overall annual 
solar-to-hydrogen energy conversion efficiency quantitatively for different 
combinations of direct-coupled PV-PEM electrolyser system (Figure 3.27).  
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Figure 3.27: Spreadsheet model for evaluating performance of energy transfer and potential 
hydrogen production  
 
In this model, the input parameters are the yearly frequency distribution of solar 
irradiance, the average ambient temperature, the maximum power point of PV output, 
and the operating power point of the electrolyser at different irradiance levels, 
corresponding to the frequency distribution. Another input parameter is the Faraday 
efficiency of the electrolyser. The average ambient temperature is assumed to be 25oC, 
based on Melbourne’s mean maximum temperature of 21.4oC for the year 2005 (Stern 
2006). A higher ambient temperature is assumed as PV-electrolyser system will be 
working in day time only. Operating points of the electrolyser at different irradiance 
levels were obtained using “GraphData” software. The model then calculates the PV 
temperature and maximum power point of PV output at various irradiance levels; the 
total potential PV energy that will be available from different combination of PV array; 
the percentage of potential maximum available PV power at different irradiance level 
that will be delivered to the electrolyser; the overall annual energy loss due to direct-
coupling with the electrolyser; and finally the potential annual hydrogen production 
from different PV-electrolyser combinations.   
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PV module combination (PV) Electrolyser stack combination (EL) 
1  1 
1 2║ 
2║ 2║ 
2║ 3║ 
3║ 3║ 
3║ 4║ 
4║ 4║ 
4║ 5║ 
4║ 6║ 
2+ 2+ 
2+ 3+ 
3+ 3+ 
3+ 4+ 
4+ 4+ 
4+ 5+ 
4+ 6+ 
2+ 2+ ║2+ 
2+ ║ 2+ 2+ ║ 2+ 
2+ ║ 2+ 2+ ║ 2+ ║ 2+ 
2+ ║ 2+ 3+ ║ 3+ 
3+ 3+ ║ 3+ 
4+ 5+ ║ 5+ 
4+ 5+ ║ 5+ ║ 5+ 
 
Table 3.4: PV-electrolyser series-parallel combinations, expressed using the notation defined in 
the text 
 
In this case study, the series-parallel combinations of both BP 275 PV modules (each 75 
W peak) and StaXX7 PEM electrolyser stacks (each 50 W electrical) (with 
characteristics as described earlier in sections 3.2.3 and 3.3.2) as listed in Table 3.4 are 
evaluated for efficiency of energy transfer under direct coupling. In this table, “+” 
indicates a series combination, and “║” a parallel combination. Hence, for example, the 
combination, 3║ PV and 4║ EL, means three PV modules connected in parallel are 
coupled to four electrolyser stacks connected in parallel. 2+ PV and 3+ EL means two 
PV modules connected in series are coupled to three electrolyser stacks connected in 
series. 2+ PV ║ 2+ PV and 2+ EL ║ 2+ EL ║ 2+ EL means two PV modules connected 
in series are connected in parallel to another two series-connected PV modules, and then 
coupled to three parallel-connected sets of two series-connected electrolyser stacks. The 
results for a selection of these series-parallel combinations are discussed in the 
following sections. 
 
Chapter 3: Theoretical and Quantitative Analysis of Direct-Coupling 
 
65 
3.6.2 One PV Module – One Electrolyser Stack  
 
For the combination of one PV module and one electrolyser stack, the operating curve 
of the electrolyser and the maximum power point line of the PV output are shown in 
Figure 3.28.  
 
0
1
2
3
4
5
0 2 4 6 8 10 12 14 16 18 20
Voltage, V (Volt)
C
u
r
re
n
t, 
I 
(A
)
MPP (1 PV) Electrolyser (1 EL)
 G
 = 1 000 W/m2
900
700
500
300
100
 
 
Figure 3.28: Coupling of one PV module with one electrolyser stack  
 
From this graph it is clearly visible that for solar irradiance values above 900 W/m2 PV 
module will deliver more current than the rated values of the electrolyser, which may 
damage the electrolyser.  Hence this combination is not practical. 
 
3.6.3 One PV Module – Two Electrolyser Stacks in Parallel   
 
Since with the previous combination the output of the PV is greater than the rated power 
of the electrolyser at higher irradiances, another electrolyser stack has been added in 
parallel as a second branch, i.e., one PV module coupled to a bank of two electrolyser 
stacks connected in parallel (1 PV–2║ EL). The resulting I-V curves are shown in 
Figure 3.29.  
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Figure 3.29: One PV module coupled with two electrolyser stacks connected in parallel 
 
The PV module is now able to deliver more than 93% of its maximum available power 
to the electrolyser at a solar irradiance of 1 000 W/m2, as can be seen from Table 3.5. 
Over the year total energy loss compared to the MPP condition is 9%. However, it is 
clear from Figure 3.29 that the electrolysers cannot be operated up to their rated power, 
so there will be an economic penalty arising from this mismatch. 
 
G (W/m2) mPVjP (W) ELjP (W) %mPVjELj PP  ∆E% 
1 000 60.1 56.3 93.7 
900 54.3 50.4 92.8 
700 42.2 38.4 91.0 
500 29.9 26.5 88.6 
300 17.3 15.3 88.4 
100 5.1 4.7 92.2 
9 
 
Table 3.5: Potential power delivered and annual energy loss for 1 PV–2║ EL combination 
 
3.6.4 Three PV Modules in Series – Four Electrolyser Stacks in Series  
 
To improve the matching, three PV modules connected in series and four electrolyser 
stacks in series are considered (that is, 3+ PV–4+ EL).  Figure 3.30 shows that now the 
I-V characteristic curve of the electrolyser is shifted to the right of the maximum power 
point line of the PV output. 
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Figure 3.30: Coupling of three series-connected PV modules with four series-connected 
electrolyser stacks 
 
This combination yields a power transfer of more than 91% when the solar irradiance is 
between 300 and 500 W/m2, and the total annual energy loss compared to MPP 
operation is about 15% (Table 3.6). 
 
G (W/m2) mPVjP (W) ELjP (W) %mPVjELj PP  ∆E% 
1 000 180.4 138.8 76.9 
900 162.8 131.2 80.6 
700 126.7 110.7 87.4 
500 89.6 82.1 91.6 
300 52.0 47.4 91.2 
100 15.4 12.5 81.2 
14.8 
 
Table 3.6: Potential power delivered and annual energy loss for 3+ PV–4+ EL combination 
 
3.6.5 Four PV Modules in Parallel – Six Electrolyser Stacks in Parallel  
 
When four PV modules connected in parallel are directly coupled with six parallel 
connected electrolyser stacks (4║ PV–6║ EL), the operating line of the electrolyser is 
as shown in Figure 3.31. This combination gives high energy transfer when the solar 
irradiance value is 700 W/m2 or more. In this case more than 92% of the available 
power will be delivered to the electrolyser for the irradiance values are between 700 and 
1 000 W/m2 (Table 3.7). The overall energy loss on annual basis is 7.5%. 
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Figure 3.31: Four parallel connected PV modules coupled with parallel connected six 
electrolysers  
 
G (W/m2) mPVjP (W) ELjP (W) %mPVjELj PP  ∆E% 
1 000 240.5 229.3 95.3 
900 217.1 206.2 95.0 
700 168.9 156.9 92.9 
500 119.4 107.2 89.8 
300 69.3 61.7 89.0 
100 20.6 18.9 91.7 
7.5 
 
Table 3.7: Potential power delivered and annual energy loss for 4║ PV–6║ EL combination 
 
3.6.6 Four PV Modules in Series – Five Electrolyser Stacks in Series  
 
G (W/m2) mPVjP (W) ELjP (W) %mPVjELj PP  ∆E% 
1 000 240.5 214.1 89.0 
900 217.1 199.3 91.8 
700 168.9 161.7 95.7 
500 119.4 115.4 96.6 
300 69.3 69.2 99.9 
100 20.6 19.5 94.7 
5.3 
 
Table 3.8: Potential power delivered and annual energy loss for 4+ PV–5+ EL combination 
 
As another example, with the combination of four PV modules in series and five 
electrolyser stacks in series (4+ PV–5+ EL), more than 94% of the available PV power 
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will be delivered to the electrolyser stack when the irradiance levels are between 100 
and 700 W/m2(Table 3.8) 
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Figure 3.32: Coupling of four series-connected PV modules with five series-connected 
electrolysers 
 
The electrolyser operating line passes very close to the maximum power point of the PV 
array when the solar irradiance level is 300 W/m2 (Figure 3.32). The amount of overall 
annual energy loss is 5.3%. 
 
3.6.7 Four PV Modules in Series – Two Parallel Branches of Five Series-
Connected Electrolyser Stacks in Series  
 
It is interesting to note that, by adding another branch of five series-connected 
electrolyser stacks in parallel to the previous electrolyser combination (that is, giving 
500 W in total) and keeping the PV combination the same (300 W in total) (4+ PV–5+ 
EL ║ 5+ EL), it is possible to operate the electrolyser even closer to the MPP line of the 
PV out put, in comparison to previous case, as can be seen from Figure 3.33. The 
electrolyser operating line is passing through the MPP of the PV array output when the 
solar irradiance is 300 and 500 W/m2, and very close to MPP when the solar irradiance 
value is 700 W/m2. 
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Figure 3.33: Coupling of four series-connected PV modules with the bank of two parallel 
branches of five series-connected electrolyser stacks 
 
For all the solar irradiances more than 96% of the available PV power will be delivered 
and over the year less than 2% of maximum potential available PV energy will be lost 
(Table 3.9).   
 
G (W/m2) mPVjP (W) ELjP (W) %mPVjELj PP  ∆E% 
1 000 240.5 232.9 96.8 
900 217.1 212.0 97.7 
700 168.9 166.0 98.3 
500 119.4 119.4 100.0 
300 69.3 69.3 100.0 
100 20.6 19.9 96.6 
1.7 
 
Table 3.9: Potential power delivered and annual energy loss for 4+ PV–5+ EL ║ 5+ EL 
combination 
 
3.6.8 Optimum Combination in Terms of Energy Transfer 
 
To find the optimal matching condition in terms of energy transfer between a direct-
coupled PV array and electrolyser, various series–parallel combinations of standard PV 
modules (each 75 W) and electrolyser stacks (each 50 W) have been investigated (Table 
3.4). For each combination the percentage of the maximum available PV power 
transferred to the electrolyser at various solar irradiance values, maximum available 
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annual PV energy and the amount of energy loss over the year due to direct-coupling 
compared to the maximum energy transfer achievable, have been calculated and the 
overall results are presented in Table 3.10.  For some PV-electrolyser combinations, it is 
not possible to estimate annual energy delivered to the electrolyser, amount of annual 
energy loss and overall annual energy loss due to excess available PV power than the 
electrolyser rated power for higher solar irradiance levels, which are also shown in this 
table.  
 
From Table 3.10 it can be seen that, for the particular PV module (BP275) and 
electrolyser stack (StaXX7) coupling combinations investigated, four PV modules 
connected in series (giving 300 W in total) directly coupled to five electrolyser stacks in 
series (that is, 250 W in total) yielded an overall energy loss over the year compared to 
the MPP condition of only 5.3%. This result compares very favourably with electronic 
MPPT systems, which typically have energy losses compared to the maximum 
achievable of around 10% (de Cesare, Caputo & Nascetti 2006).  
 
Interestingly, the combination of four series-connected PV modules (300 W in total) 
and two parallel branches of five series-connected electrolyser stacks (500 W in total), 
gave an overall energy loss of less than 2%, that is, 3.6% points lower than in the 
previous case (4+ PV–5+ EL); and the case of four series-connected PV modules (300 
W in total) and three parallel branches of five series-connected electrolyser stacks (750 
W in total) was even better, yielding a less than 1.5% overall annual energy loss. 
However, these gains are at the expense of respectively doubling and tripling the capital 
cost of the electrolysers, one of the most expensive components in a solar-hydrogen 
system. The relationships between energy transfer, hydrogen production, and lifecycle 
costs are further explored in the following sections. 
 
Based on the findings from this theoretical and quantitative analysis of energy transfer, 
a paper was presented at IASTED international Conference on Power and Energy 
Systems (Paul & Andrews 2007). Some initial experimental results of direct-coupled 
PV-PEM electrolyser system were compared with a similar theoretical analysis in 
another paper was published in International Journal of Hydrogen Energy (Paul & 
Andrews 2008).  
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3.7 CASE STUDY:  ESTIMATION OF HYDROGEN PRODUCTION OF 
COUPLING COMBINATIONS 
 
3.7.1 Optimising the Coupling Between a PV Array and a PEM Electrolyser in 
Terms of Hydrogen Production  
 
It is mentioned in section 3.4.2 that the aim for a direct-coupled PV-electrolyser system 
is to maximise the hydrogen production utilising maximum available energy from the 
PV array. Hence, in this section, the potential annual hydrogen production from the 
different PV-electrolyser combinations examined in the previous section is calculated, 
and the findings for preferred combinations on this criterion are compared with those 
made on the basis of total energy transfer. The effects on hydrogen production of 
varying the number of cells in series and parallel in the electrolyser bank, in a direct 
coupled PV-electrolyser system are also analysed. The overall annual solar-to-hydrogen 
energy conversion efficiencies for different PV-electrolyser combinations are also 
estimated.  
 
From Equation 3.34 the hydrogen production rate from a single cell of the electrolyser, 
cHn ,2ɺ  (mol/s), is:   
 
F
I
n cFcH 2,2
×= ηɺ .           
 
The hydrogen production rate from an electrolyser bank, bHn ,2ɺ  (mol/s), of ‘n’ number of 
cells in series and ‘m’ number of cells in parallel, is be given by:  
 
mn
F
I
n cFbH ..2,2
×= ηɺ  mn
mF
I
F ..
..2
×= η  
F
In
F
.2
.
×= η .    (3.66) 
 
Since, the mass of 1 mol hydrogen
 
is 2 g, and if the electrolyser bank draws a current of 
I amp for ‘t’ seconds then the total mass of hydrogen produced, bHm ,2  (g), would be, 
 
F
tIn
m FbH
..
,2
×= η .          (3.67) 
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Hence, over the year the total amount of potential hydrogen produced, yrbHm /,2  (g), 
from a direct-coupled PV-electrolyser system can be expressed as: 
 
∑
=






×=
N
j
j
FyrbH F
tIn
m
1
/,
..
2
η         (3.68)   
 
where jI  is the total electrolyser bank current at solar irradiance G=Gj, and time 
( )6060 ××= jft  seconds, where jf  is the number of hours per year that the solar 
irradiance is Gj (as explained in section 3.5). 
 
The overall annual solar-to-hydrogen energy conversion efficiency,
2HPV −η , for a direct-
coupled PV-electrolyser system can be estimated as: 
 
utrEnergyInpYearlySola
HHVm HyrbH
HPV
22
2
/, ×
=
−
η        (3.69) 
where yearly solar energy input ∑
=
××
=
N
j
PVjj AfG
1 1000
 kWh. 
 
This theoretical analysis has been applied to the model described in section 3.6.1 to 
estimate the potential annual hydrogen production from  different combinations of BP 
275 PV panels (each 75 W peak) and StaXX7 PEM electrolyser stacks (each 50 W 
electrical) as listed in Table 3.11.  
 
For this analysis, the overall Faraday efficiency of the electrolyser was taken to be 97%, 
based on the experimental results given in the next chapter. In Table 3.11, column 5 
shows the total current (Ah) delivered to the electrolyser bank over the year for different 
PV-electrolyser combinations. From this table it can also be seen that for some PV-
electrolyser combinations, the amounts of annual hydrogen production and overall 
annual solar-to-hydrogen energy conversion efficiencies are blank. For these 
combinations, the available PV power is higher than the rated power of the electrolyser 
at higher solar irradiance levels, so that these combinations are not practical.  
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Table 3.11: Potential annual hydrogen production and overall annual solar-to-hydrogen energy 
conversion efficiency for different PV-electrolyser combinations   
 
3.7.2 Effect of Number of Cells in Series in the Electrolyser Bank on Hydrogen 
Production  
 
It has been found from the theoretical analysis in subsection 3.4.2.1 that, for a direct-
coupled PV-electrolyser system with a constant number of parallel branches in the 
electrolyser bank, there is a decrease in hydrogen power production, when the 
electrolyser operating line deviates from the maximum power point of the PV output, 
due to an increase or decrease in the number series connected cells in each branch. To 
see the effect of varying the number of series-connected cells on hydrogen production, 
the theoretical analysis has been applied to the case of four series-connected PV 
modules coupled with four series-connected electrolyser stacks in the bank (4+ PV–4+ 
PV- electrolyser combination  
PV module 
combination 
Electrolyser stack 
combination 
Annual 
maximum 
potential 
available PV 
energy (kWh) 
Annual 
energy 
delivered to 
electrolyser 
(kWh) 
Annual current 
delivered to the 
electrolyser 
(Ah) 
Annual 
potential  
hydrogen 
production 
(g) 
Overall annual 
solar-to-
hydrogen 
conversion eff. 
(%)  
1  1 97.4 
— — — — 
1 2║ 97.4 88.6 7 620.7 1 931 8.2 
2║ 2║ 194.8 
— — — — 
2║ 3║ 194.8 180.6 15 123.6 3 831 8.2 
3║ 3║ 292.2 
— — — — 
3║ 4║ 292.2 274.0 22 728.7 5 758 8.2 
4║ 4║ 389.6 
— — — — 
4║ 5║ 389.6 367.7 30 326.1 7 683 8.2 
4║ 6║ 389.6 360.3 30 420.0 7 707 8.2 
2+ 2+ 194.8 
— — — — 
2+ 3+ 194.8 102.8 2 993.9 2 275 4.8 
3+ 3+ 292.2 
— — — — 
3+ 4+ 292.2 249.1 5 221.3 5 291 7.5 
4+ 4+ 389.6 
— — — — 
4+ 5+ 389.6 369.1 6 118.1 7 750 8.2 
4+ 6+ 389.6 206.0 3 020.2 4 591 4.9 
2+ 2+ ║2+ 194.8 176.4 7 592.4 3 847 8.2 
2+ ║ 2+ 2+ ║ 2+ 389.6 
— — — — 
2+ ║ 2+ 2+ ║ 2+ ║ 2+ 389.6 362.2 15 226.7 7 715 8.2 
2+ ║ 2+ 3+ ║ 3+ 389.6 202.3 5 897.9 4 483 4.8 
3+ 3+ ║ 3+ 292.2 266.4 7 661.1 5 823 8.3 
4 + 5+ ║ 5+ 389.6 383.1 6 660.1 8 437 9.0 
4 + 5+ ║ 5+ ║ 5+ 389.6 384.4 6 882.4 8 718 9.3 
Chapter 3: Theoretical and Quantitative Analysis of Direct-Coupling 
 
 
76 
 
EL); five series-connected electrolyser stacks in the bank (4+ PV–5+ EL); and six 
series-connected electrolyser stacks (4+ PV–6+ EL).  
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Figure 3.34: Coupling of four series-connected PV modules with four series-connected 
electrolyser stacks (black line), five series-connected electrolyser stacks (blue line), and six 
series-connected electrolyser stacks (orange line) 
 
For all three cases the number of PV modules and their configuration are the same. The 
operating lines of the three electrolyser configurations are drawn in Figure 3.34. It can 
be seen that for the case of five series-connected electrolyser stacks, the operating line 
of the electrolyser passes quite close to the maximum power point of PV output. In this 
case the calculated annual hydrogen production is 7 750 g, and overall annual solar-to-
hydrogen energy conversion efficiency is 8.2% (Table 3.11). When another electrolyser 
stack is added in series (six in total) in the bank, the electrolyser operating line is shifted 
rightwards along the voltage axis, causing less current to be drawn by the electrolysers. 
In this case the calculated annual hydrogen production falls to 4 591 g, and overall 
annual solar-to-hydrogen energy conversion efficiency dropped to 4.9%, although the 
total number of cells in series in the bank has been increased. From Figure 3.34 it can be 
seen that for the case of four series-connected electrolyser stacks in the bank, the 
electrolyser operating line shifted left of the MPP line of the PV array output, and for 
higher solar irradiances (above 900 W/m2) PV array output current exceeds the 
maximum rated current of the electrolyser bank. For this reason in this case it is not 
Chapter 3: Theoretical and Quantitative Analysis of Direct-Coupling 
 
 
77 
 
possible to calculate the amount of annual hydrogen production, but the amount of 
hydrogen production will be decreased due to reduced number of cells in the  
electrolyser bank although the current through the bank is slightly increased (Figure 
3.34).  
 
The observed behaviour of a drop in hydrogen production as the number of series-
connected cells is increased or decreased above the value that gives a close approach of 
the electrolyser characteristic to the MPP curve of the PV array is consistent with the 
theoretical analysis in subsection 3.4.2.1. 
 
3.7.3 Effect of Number of Cells in Parallel in the Electrolyser Bank on Hydrogen 
Production  
 
When the number of cells in series in the electrolyser bank is constant in a direct 
coupled PV-electrolyser system in which the electrolyser characteristic closely matches 
the MPP curve of the PV array output, the theoretical analysis in subsection 3.4.2.2, 
predicts that an increase in the number of branches in parallel in the electrolyser bank 
will lead to more hydrogen production, while a decrease in the number of branches will 
lead to less hydrogen production. To test this prediction, three cases are considered: 
coupling of four series-connected PV modules coupled with five series-connected 
electrolyser stacks (4+ PV–5+ EL); with two parallel branches of five series-connected 
electrolyser stacks (4+ PV–5+ EL ║ 5+ EL); and with three parallel branches of five 
series-connected electrolyser stacks (4+ PV–5+ EL ║ 5+ EL ║ 5+ EL).     
 
The cut-in voltage of the electrolyser bank in all three cases is the same, since the 
number of series-connected cells in each branch is same (Figure 3.35). But the slope of 
the operating line of the electrolyser bank for the case of three parallel branches of five 
series-connected electrolyser stacks (5+ EL ║ 5+ EL ║ 5+ EL) is greater, shifting the  
electrolyser’s operating curve leftwards along the voltage axis, in comparison to two 
parallel branches of five series-connected electrolyser stacks (5+ EL ║ 5+ EL). When 
the number of parallel branches of five series-connected electrolyser stacks is reduced to 
one (5+ EL), the slope of the operating line of the electrolyser bank becomes less, and 
the electrolyser’s operating curve shifts rightward along the voltage axis as can be seen 
from Figure 3.35. 
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Figure 3.35: Coupling of four series-connected PV modules with five series-connected 
electrolysers stacks (blue line), two parallel branches of five series-connected electrolyser stacks 
(orange line), and three parallel branches of five series-connected electrolyser stacks (black line) 
 
For this reason, three parallel branches of five series-connected electrolyser stacks (5+ 
EL ║ 5+ EL ║ 5+ EL) will draw more current and produce 8 718 g of hydrogen 
annually with an overall annual solar-to-hydrogen energy conversion efficiency of 9.3% 
(Table 3.11), in comparison to 8 437 g and 7 750 g, for the cases of two parallel 
branches of five series connected electrolyser stacks (5+ EL║5+ EL) and one branch of 
five series connected electrolyser stacks (5+ EL) in the bank respectively. This 
behaviour is thus in line with the theoretical prediction in subsection 3.4.2.2. 
 
3.7.4 Optimum Combination in Terms of Hydrogen Production 
 
To see the correspondence between the maximum energy transfer of a MPP-matched 
direct-coupled PV-electrolyser system and hydrogen production, rank order listings 
have been prepared for all the PV-electrolyser combinations evaluated, based on both 
overall annual energy transfer and hydrogen production (Table 3.12). From this table it 
can be seen that in general the combination that maximises overall energy transfer by 
closely operating near the MPP line of the PV array output, also maximises the 
hydrogen production. 
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Table 3.12: Rank order of different PV-electrolyser combinations based on highest overall 
annual energy transfer and hydrogen production  
 
But there are some divergences also. For example, the combination of three PV modules 
connected in parallel in the array coupled with four parallel-connected electrolyser 
stacks in the bank (3║ PV–4║ EL) occupies the rank seven and eight in terms of energy 
transfer and hydrogen production respectively, whereas, the coupling of three series-
connected PV modules in the array with the bank of two parallel-connected branches of 
three series-connected electrolyser stacks (3+ PV–3+ EL ║ 3+ EL), takes up the 
position eight and seven in terms of energy transfer and hydrogen production 
respectively. The reason for the (small) difference in ranking is that available PV energy 
for both the cases will be same due to same number of modules in the PV array but their 
configuration is different, and electrolyser stacking configuration and number of PEM 
cells in the bank are also different. In first case electrolyser bank operates more closely 
PV- electrolyser combination  
PV module 
combination 
Electrolyser stack 
combination 
Annual energy 
delivered to 
electrolyser (kWh) 
Rank order in terms 
of highest annual 
energy transfer 
Annual potential  
hydrogen 
production (g) 
Rank order in terms 
of highest annual 
hydrogen 
production 
1  1 
— — — — 
1 2║ 88.6 15 1 931 15 
2║ 2║ 
— — — — 
2║ 3║ 180.6 12 3 831 13 
3║ 3║ 
— — — — 
3║ 4║ 274.0 7 5 758 8 
4║ 4║ 
— — — — 
4║ 5║ 367.7 4 7 683 6 
4║ 6║ 360.3 6 7 707 5 
2+ 2+ 
— — — — 
2+ 3+ 102.8 14 2 275 14 
3+ 3+ 
— — — — 
3+ 4+ 249.1 9 5 291 9 
4+ 4+ 
— — — — 
4+ 5+ 369.1 3 7 750 3 
4+ 6+ 206.0 10 4 591 10 
2+ 2+ ║2+ 176.4 13 3 847 12 
2+ ║ 2+ 2+ ║ 2+ 
— — — — 
2+ ║ 2+ 2+ ║ 2+ ║ 2+ 362.2 5 7 715 4 
2+ ║ 2+ 3+ ║ 3+ 202.3 11 4 483 11 
3+ 3+ ║ 3+ 266.4 8 5 823 7 
4 + 5+ ║ 5+ 383.1 2 8 437 2 
4 + 5+ ║ 5+ ║ 5+ 384.4 1 8 718 1 
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to the MPP line of the PV array output, resulting in more energy transfer. For the 
second case although overall energy transfer is a bit less, hydrogen production increased 
due to more number of PEM cells in the electrolyser bank.  
 
From Table 3.11and Table 3.12 it can be seen that, for the particular PV module 
(BP275) and electrolyser stack (StaXX7) coupling combinations investigated, the 
combination of four PV modules connected in series (4+ PV) and five electrolyser 
stacks in series (5+ EL), potentially produces 7 750 g of hydrogen over the year and 
holds third position in terms of energy transfer and hydrogen production as well. 
Adding another branch of five series-connected electrolyser stacks in parallel to the 
previous electrolyser combination, to give two parallel branches of five series-
connected electrolyser stacks (5+ EL ║ 5+ EL), and keeping the combination of four 
series-connected PV modules (4+ PV) same, leads to an increase in annual hydrogen 
production to 8 437 g, that is, about 9% higher than the (5+ EL) combination occupying 
the position two both in terms of energy transfer and hydrogen production. The 
combination of three parallel branches of five series-connected electrolyser stacks (5+ 
EL ║ 5+ EL ║ 5+ EL) and four series-connected PV modules (4+ PV), placed first 
position transferring 384.4 kWh of energy and producing 8 718 g of hydrogen. 
However, these gains have been achieved at the expense of doubling and tripling the 
capital cost of the electrolysers, one of the most expensive components in a solar-
hydrogen system. So adding the additional branch to the electrolyser is unlikely to be 
economically preferable, as will be investigated in the next section.   
 
3.8 CASE STUDY: COMPARISON OF LIFECYCLE COSTS OF HYDROGEN 
PRODUCTION FOR THE COUPLING COMBINATIONS  
 
3.8.1 Optimising the Coupling Between a PV Array and a PEM Electrolyser in 
Terms of Hydrogen Production Cost 
 
In sections 3.6 and 3.7, optimum combinations based on both energy transfer and 
hydrogen production for a direct-coupled PV-electrolyser system have been identified. 
In the present section, the same combinations will be compared in terms of average unit 
costs of hydrogen production using a lifecycle costing model developed in Excel 
spreadsheets, based on the costing methodology described earlier in section 3.4.3.  
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The assumed capital costs for the different components of the PV-electrolyser system 
are based on a literature review. In a feasibility study on fuel cell and hydrogen 
combustion engines in remote area renewable energy systems, Cotrell and Pratt (2003) 
assumed a baseline capital cost for PV US$8 000/kW and a lifetime of 20 years; and an 
electrolyser cost of $3 500/kW. Richards and Conibeer (2007) assumed a PV cost of 
A$10 500/kW and lifetime of 25 years, for comparing the performance of different 
solar-based standalone power supply systems. In another investigation by Beccali et al. 
(2008) that analysed energy, economic and environmental performances of renewable-
energy hydrogen systems in residential applications, the PV and electrolyser costs were 
assumed to be $10 200/kW and $1 500/kW respectively. A techno-economical study for 
integration of hydrogen energy technologies for a standalone renewable power system 
was conducted by Zoulias and Lymberopoulos (2007). For their analysis they assumed a 
capital cost of PV 6 750 €/kW, operating and maintenance (O&M) cost zero, and a 
lifetime of 30 years; and for the electrolyser, capital investment was 8 150 €/Nm3h-1 and 
lifetime 20 years. For an autonomous wind-hydrogen system study, the cost of the 
electrolyser was assumed to be $7 000/kW and O&M cost $0.015/kWh (Bechrakis, 
McKeogh & Gallagher 2006). Electrolyser cell stack life time was assumed by Levene 
et al. (2007) to be 10 years, in an investigation on hydrogen production form renewable 
electricity sources like PV and wind. In an economic and environmental analysis of a 
centralised PV electrolytic hydrogen system by Mason and Zweibel (2007), annual 
O&M cost of the PV and electrolyser plant was assumed 1% and 2% of the capital cost 
respectively.  
 
From the above review it can be seen that PV capital cost varies between $8 000 and 
$10 000/kW, lifetime from 20 to 30 years, and O&M costs up to 1% of the capital 
investment. For the electrolyser, capital cost varies between $1 500 and $7 000/kW, 
lifetime between 10 and 20 years, and O&M costs up to 2% of the capital investment. 
Based on this review, three different capital costs are considered in the present analysis 
for both the PV and electrolyser, as listed in Table 3.13, to investigate the effect of 
capital cost variation on the unit cost of hydrogen production. The assumed O&M costs 
and lifetimes for the PV and electrolyser are also given in Table 3.13. The capital costs 
of PV assumed in this model include installation and frame costs. The capital cost of 
both PV modules and PEM electrolysers assumed in this analysis are likely to be 
reduced over the next ten years due to cost reduction by the new thin-film technology of 
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PV modules production, reduced costs of better catalysts and cheaper membrane 
materials for the electrolyser, and higher production volumes.   
 
 
Table 3.13: Cost of different components in PV-electrolyser system 
 
The spreadsheet costing model developed, estimates the unit cost of hydrogen 
production for the different PV-electrolyser combinations using the methodology 
described in subsection 3.4.3. A sample spreadsheet is shown in Figure 3.36. In this 
model the input parameters are capital cost, lifetime, operation and maintenance (O&M) 
cost, and specification (W) of the PV module and PEM electrolyser. Another input 
parameter is the amount of potential annual hydrogen production for different PV-
electrolyser combinations from the previous analysis (subsection 3.7.1). Since the 
lifetime of the system considered for this analysis is 20 years, there will be a 
replacement of the electrolyser at the end of year 10. The annual real discount rate is 
assumed to be 5%. 
 
Cells 4A and 4B in the spreadsheet (Figure 3.36) are the input values for capital cost of 
PV and electrolyser respectively; then the model will calculate the unit cost of hydrogen 
production from the different PV-electrolyser combinations, and summaries the results 
in tabular form in the cell range between I11 and K27.   
 
PV capital cost 
(US $/kW) 
Electrolyser capital 
cost (US $/kW) 
O&M cost of 
PV (US $)  
O&M cost of 
electrolyser (US $) 
Lifetime of 
PV (yr) 
Lifetime of 
electrolyser (yr) 
10 000 5 500 
9 000 3 500 
8 000 1 500 
1% of the PV 
capital cost 
2% of the 
electrolyser capital 
cost 
20 10 
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Figure 3.36: Lifecycle costing spreadsheet model of the PV-electrolyser system 
 
So, according to Table 3.13, the input for the capital costs of the PV and electrolyser in 
the model can be varied in nine different combinations as tabulated in Table 3.14.   
 
 
Table 3.14: Capital cost combinations for PV and electrolyser 
 
3.8.2 Optimum Combination in Terms of Unit Cost of Hydrogen Production 
 
The calculated unit lifecycle costs of hydrogen production for the different PV-
electrolyser combinations investigated in earlier section, for the two different PV and 
electrolyser capital cost assumptions (PV and electrolyser cost: 1. $10 000 and $5 
500/kW; 2. $8 000 and $1 500/kW), are shown in Table 3.15. It is evident that, for the 
particular PV module (BP275) and electrolyser stack (StaXX7) coupling combinations 
investigated, the combination comprising four PV modules connected in series (4+ PV) 
coupled with the bank of five electrolyser stacks in series (5+ EL), yields the lowest unit 
cost of hydrogen production (highlighted in green in the Table 3.15) for all the capital 
cost combinations of PV and electrolyser considered. It is also found that the 
Capital cost of PV (US 
$/kW) 10 000 9 000 8 000 10 000 9 000 8 000 10 000 9 000 8 000 
Capital cost of 
electrolyser (US $/kW) 5 500 5 500 5 500 3 500 3 500 3 500 1 500 1 500 1 500 
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combination of three parallel branches of five series-connected electrolyser stacks (5+ 
EL ║ 5+ EL ║ 5+ EL) and four series-connected PV modules (4+ PV), which was 
found earlier to give the highest hydrogen production and energy transfer, does not give 
a lowest unit cost of hydrogen production for these capital cost assumptions.  
 
PV 
combination 
Electrolyser 
combination 
Capital cost of 
PV (US $/kW)  
Capital cost of 
electrolyser (US $/kW) 
Unit cost of 
H2 (US $/kg) 
1 2║ 10 000 5 500 48.4 
2║ 3║ 10 000 5 500 42.1 
3║ 4║ 10 000 5 500 39.8 
4║ 5║ 10 000 5 500 38.6 
4║ 6║ 10 000 5 500 41.8 
2+ 3+ 10 000 5 500 70.9 
3+ 4+ 10 000 5 500 43.3 
4+ 5+ 10 000 5 500 38.3 
4+ 6+ 10 000 5 500 70.2 
2+ 2+ ║ 2+ 10 000 5 500 48.6 
2+ ║ 2+ 2+ ║ 2+ ║ 2+ 10 000 5 500 41.8 
2+ ║ 2+ 3+ ║ 3+ 10 000 5 500 71.9 
3+ 3+ ║ 3+ 10 000 5 500 48.1 
4+ 5+ ║ 5+ 10 000 5 500 50.4 
4+ 5+ ║ 5+ ║ 5+ 10 000 5 500 63.4 
1 2║ 8 000 1 500 24.7 
2║ 3║ 8 000 1 500 23.1 
3║ 4║ 8 000 1 500 22.4 
4║ 5║ 8 000 1 500 22.1 
4║ 6║ 8 000 1 500 23.0 
2+ 3+ 8 000 1 500 38.9 
3+ 4+ 8 000 1 500 24.4 
4+ 5+ 8 000 1 500 21.9 
4+ 6+ 8 000 1 500 38.5 
2+ 2+ ║ 2+ 8 000 1 500 24.8 
2+ ║ 2+ 2+ ║ 2+ ║ 2+ 8 000 1 500 22.9 
2+ ║ 2+ 3+ ║ 3+ 8 000 1 500 39.5 
3+ 3+ ║ 3+ 8 000 1 500 24.6 
4+ 5+ ║ 5+ 8 000 1 500 24.3 
4+ 5+ ║ 5+ ║ 5+ 8 000 1 500 27.5 
 
Table 3.15: Unit lifecycle cost of hydrogen production (US$/kg) from different PV-electrolyser 
combinations for different capital cost of PV and electrolyser. The highlighted combination has 
the lowest hydrogen production cost     
 
Importantly this result confirms the expectation arising from the earlier analysis that, 
although the combination 4+ PV – 5+ EL ║ 5+ EL ║ 5+ EL gives a higher hydrogen 
production than 4+ PV–5+ EL, it does not give the lowest unit cost of hydrogen 
production.  For the economically optimal combination (4+ PV–5+ EL), the minimum 
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cost of hydrogen production is found to be about $22/kg, when PV and electrolyser 
capital costs are $8 000/kW and $1 500/kW respectively; this unit cost rises to around 
$38/kg, when the capital costs of PV and electrolyser are $10 000/kW and $5 500/kW 
respectively (Table 3.15). However, it can be seen that there are a few PV-electrolyser 
combinations that give unit costs of hydrogen production within the range of $22-
$23/kg, so that there is a measure of flexibility in selecting a combination that produces 
low-cost hydrogen.   
 
These figures are of the same order as the costs of hydrogen production from a PV-
electrolyser system estimated by Shakya, Aye & Musgrave (2005) at $46/kg (quoted as 
A$692/GJ based on the LHV of hydrogen ≈ US $382/GJ, given A$1 ≈ US $0.55 when 
the analysis was conducted). For their analysis a PV cost of A$7 400/kW and 
electrolyser cost of A$165 000 for a capacity of 0.7 Nm3/h hydrogen production were 
assumed.              
 
Based on the minimum unit lifecycle cost of hydrogen production, and maximum 
energy transfer and hydrogen production for the different PV-electrolyser combinations 
investigated, another rank order table has been prepared to see whether the PV-
electrolyser combination that gives maximum energy transfer and hydrogen production 
matches up with the one that yields the minimum cost of hydrogen production (Table 
3.16).   
 
From this table it can be seen that coupling of four series-connected PV modules (4+ 
PV) with the bank of three parallel branches of five series-connected electrolysers stack 
(5+ EL ║ 5+ EL ║ 5+ EL) occupies the first position in terms of highest energy transfer 
and hydrogen production, but only twelfth position in terms of lowest unit lifecycle cost 
of hydrogen production. However, the combination of four PV modules connected in 
series in the array (4+ PV) coupled with five series-connected electrolyser stacks in the 
bank (5+ EL), while taking the third place in terms of energy transfer and hydrogen 
production, gives the lowest unit cost of hydrogen production (highlighted green in 
Table 3.16).   
  
Hence the procedure developed for matching the maximum power point of the PV array 
output to the electrolyser characteristic has also found the optimal combination in terms 
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of unit lifecycle cost of hydrogen production. But it will always be prudent to check unit 
lifecycle costs of the most promising combinations identified using the curve matching 
procedure to see which is best on this criterion.  
 
 
Table 3.16: Rank order of different PV-electrolyser combinations, based on highest overall 
annual energy transfer, hydrogen production and lowest unit lifecycle cost of hydrogen 
production. The highlighted combination has the lowest hydrogen production cost. 
 
 
 
PV- electrolyser combination Rank order in terms of  
PV module 
combination 
Electrolyser 
stack 
combination 
Annual 
energy 
delivered to 
electrolyser 
(kWh) 
Annual 
potential  
hydrogen 
production 
(g) 
Unit cost of H2 
(US $/kg) [PV 
cost: $8 000/kW 
& electrolyser 
cost: $1 500/kW] 
highest 
annual 
energy 
transfer 
highest 
annual 
hydrogen 
production 
lowest 
hydrogen 
production 
cost 
1  1 
— 
— 
— — — — 
1 2║ 88.6 1 931 24.7 15 15 10 
2║ 2║ 
— 
— 
— — — — 
2║ 3║ 180.6 3 831 23.1 13 12 6 
3║ 3║ 
— 
— 
— — — — 
3║ 4║ 274.0 5 758 22.4 8 7 3 
4║ 4║ 
— 
— 
— — — — 
4║ 5║ 367.7 7 683 22.1 6 4 2 
4║ 6║ 360.3 7 707 23.0 5 6 5 
2+ 2+ 
— 
— 
— — — — 
2+ 3+ 102.8 2 275 38.9 14 14 14 
3+ 3+ 
— 
— 
— — — — 
3+ 4+ 249.1 5 291 24.4 9 9 8 
4+ 4+ 
— 
— 
— — — — 
4+ 5+ 369.1 7 750 21.9 3 3 1 
4+ 6+ 206.0 4 591 38.5 10 10 13 
2+ 2+ ║2+ 176.4 3 847 24.8 12 13 11 
2+ ║ 2+ 2+ ║ 2+ 
— 
— 
— — — — 
2+ ║ 2+ 2+ ║ 2+ ║ 2+ 362.2 7 715 22.9 4 5 4 
2+ ║ 2+ 3+ ║ 3+ 202.3 4 483 39.5 11 11 15 
3+ 3+ ║ 3+ 266.4 5 823 24.6 7 8 9 
4 + 5+ ║ 5+ 383.1 8 437 24.3 2 2 7 
4 + 5+ ║ 5+ ║ 5+ 384.4 8 718 27.5 1 1 12 
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3.8.3 Effect of PV and Electrolyser Capital Cost Variation on the Hydrogen 
Production Cost   
 
It has been found from the lifecycle cost analysis of a particular direct-coupled PV-
electrolyser system that the combination of four PV modules connected in series (4+ 
PV) and five electrolyser stacks in series (5+ EL) gives the minimum unit cost of 
hydrogen production, for all the capital cost combinations of PV and electrolyser 
considered summarised in Table 3.17.  
 
Capital cost of PV 
(US$/kW)  
Capital cost of 
electrolyser (US$/kW) 
Unit cost of H2 
(US$/kg) 
10 000 5 500 38.3 
9 000 5 500 36.1 
8 000 5 500 33.9 
10 000 3 500 32.3 
9 000 3 500 30.1 
8 000 3 500 27.9 
10 000 1 500 26.3 
9 000 1 500 24.1 
8 000 1 500 21.9 
   
Table 3.17: Unit cost of hydrogen production for the optimum PV-electrolyser combination (4+ 
PV–5+ EL), for the different PV and electrolyser capital cost assumptions  
 
To see the effect of capital cost variation of PV and electrolyser on the unit cost of 
hydrogen production, a graph is plotted for the unit lifecycle cost of hydrogen 
production ($/kg) for the optimum PV-electrolyser combination (4+ PV–5+ EL), for the 
different PV and electrolyser capital cost assumptions in Figure 3.37. In this figure the 
two horizontal axes show PV and electrolyser capital costs respectively, and the vertical 
axis shows the hydrogen production cost.    
 
It can be seen from Figure 3.37 that the effect of electrolyser capital cost variation on 
hydrogen production cost is more significant than that of the capital cost variation of the 
PV panels. For example, when the electrolyser capital cost is constant ($1 500/kW or  
$3 500/kW or $5 500/kW), and PV cost varies from $8 000/kW to $10 000/kW, the unit 
cost of hydrogen production increases by about $4.5/kg. On the other hand, when the 
capital cost of PV is constant ($8 000/kW or $9 000/kW or $10 000/kW), but 
electrolyser capital cost varies from $1 500/kW to $5 500/kW, the unit cost of hydrogen 
production increases by much more $12/kg. This greater influence of electrolyser 
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capital costs on hydrogen production costs occurs mainly because of the large range of 
electrolyser capital costs assumed, in comparison to the PV capital cost range, and the 
assumption of replacement of the electrolyser stack at the end of year 10. Hence on 
these assumptions, the analysis reveals that for a solar-hydrogen system, the electrolyser 
cost dominates the unit cost of hydrogen production. 
 
 
 
Figure 3.37: Variation of hydrogen production cost with assumed capital costs (per kW) of the 
PV array and the electrolyser  
 
3.8.4 Effect of MPPT Cost on the Hydrogen Production Cost in Solar-Hydrogen 
Systems  
 
To see the effect of capital cost of maximum power point tracker on the unit cost of 
hydrogen production, the MPPT cost has also been incorporated into the lifecycle cost 
analysis model. For this analysis MPPT cost was assumed to be US$700/kW of the PV 
system size (Khan & Iqbal 2005; Outbackpower 2009; Zoulias & Lymberopoulos 
2007). The calculated unit lifecycle costs of hydrogen production ($/kg) with and 
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without MPPT for the optimum PV-electrolyser combination (4+ PV–5+ EL), for all the 
assumed capital cost combinations of PV and electrolyser considered, are summarised 
in Table 3.18.  
 
From this table it can be seen that if the PV array can be directly coupled to the 
electrolyser, around $1.3 can be saved for per kg of hydrogen production, a reduction of 
between 3.5 and 6%. However, as the capital costs of both PV arrays and PEM 
electrolysers fall below the ranges assumed here, as is very likely over the next ten 
years, the percentage reduction in unit costs by using direct-coupling will become much 
more significant. 
 
Capital cost of 
PV (US$/kW)  
Capital cost of 
electrolyser (US$/kW) 
Unit cost of H2 with 
MPPT (US$/kg) 
Unit cost of H2 without 
MPPT (US$/kg) 
Cost reduction 
(US$/kg) 
10 000 5 500 39.6 38.3 1.3 
9 000 5 500 37.5 36.1 1.4 
8 000 5 500 35.3 33.9 1.4 
10 000 3 500 33.6 32.3 1.3 
9 000 3 500 31.5 30.1 1.4 
8 000 3 500 29.3 27.9 1.4 
10 000 1 500 27.6 26.3 1.3 
9 000 1 500 25.5 24.1 1.4 
8 000 1 500 23.3 21.9 1.4 
 
Table 3.18: Effect of MPPT cost on the unit cost of hydrogen production for the optimum PV-
electrolyser combination (4+ PV–5+ EL), for the different PV and electrolyser capital cost 
assumptions  
 
3.9 CONCLUSIONS 
 
A procedure for matching the PV output power to the electrolyser load without any 
intervening electronics such as a dc-to-dc converter and maximum power point tracker 
has been described. The procedure is based on finding the series-parallel configurations 
of individual PV modules, and individual PEM electrolyser cells (or small stacks), that 
gives the closest possible matching between the resulting MPP curve of the PV array, 
and the characteristic V-I curve of the electrolyser bank.  
 
A theoretical analysis of the direct coupling of a PV array to a PEM electrolyser bank 
has been developed and presented. This theoretical analysis has been applied to a case 
study of direct coupling of a number of different combined series-parallel 
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configurations of both PV modules (BP275) and electrolyser stacks (StaXX7). The case 
study has shown that, by selecting an appropriate series-parallel configuration of both 
the PV modules and electrolyser, it is possible to operate the electrolyser near the 
maximum power point of the PV array over a range of solar irradiances. Coupling of an 
array of four PV modules connected in series (giving 300 W in total) with the bank of 
five electrolyser stacks in series (that is, 250 W in total) gives an overall energy loss 
over the year compared to the MPP condition of only 5.3%. The potential annual 
hydrogen production from this combination is 7 750 g, with the overall annual solar-to-
hydrogen energy conversion efficiency being 8.2%.    
 
From the theoretical analysis it is also found that for a direct-coupled PV-electrolyser 
system, when the electrolyser operating line passing through the maximum power point 
of the PV output, a small decrease or increase in the number of cells in series in the 
electrolyser bank results in less hydrogen production. When the number of cells in 
series in the bank is reduced, the positive effect on hydrogen production of more current 
passing through each series branch is offset by the reduced number of cells per branch. 
Similarly, as the number of cells in series is increased, the negative effect of the reduced 
current passing through each series branch of the electrolyser bank offsets the gain in 
hydrogen production by having more cells.  
 
Another interesting finding is that when the electrolyser operating line passes through 
the maximum power point of the PV array output, keeping the number of cells in series 
constant  in the electrolyser bank but increasing the number of parallel branches leads to 
more hydrogen production. In this case, although the efficiency of energy transfer from 
the PV array is being reduced slightly, the operating energy efficiency of the 
electrolyser itself is increased due to drawing more current, so that there is a net 
increase in the overall system efficiency of converting solar energy to hydrogen. 
However, in order to increase the rate of hydrogen production from that achievable with 
direct-coupling and operating at the MPP of the PV array, it has been necessary to add 
an entire additional branch of electrolyser cells. Hence the capital cost of the system has 
been increased, and generally the electrolyser bank will be operating at significantly less 
than its full capacity.  
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Lifecycle economic assessment has been applied to a case study for estimating the unit 
cost of hydrogen production for the same combinations of direct coupling of PV 
modules (BP275) and electrolyser stacks (StaXX7) evaluated for energy transfer and 
hydrogen production, to see whether the PV-electrolyser combination which gives 
maximum energy transfer and hydrogen production matches the one with the minimum 
cost of hydrogen production. From this analysis it was found that four PV modules 
connected in series (4+ PV) coupled with the bank of five electrolyser stacks in series 
(5+ EL) yielded the lowest unit cost of hydrogen production for all the capital cost 
combinations of PV and electrolyser considered. While adding parallel branches to this 
combination increased both energy transfer and hydrogen production, unit costs of 
hydrogen production were increased, because of the substantial increase in capital cost 
of the electrolyser bank.  
 
Matching the maximum power point of the PV array output to the electrolyser 
characteristic is thus likely to provide a useful practical procedure to find the optimal 
combination in terms of unit lifecycle cost of hydrogen production. But once 
prospective combinations have been identified using the curve matching procedure, it 
will always be prudent to do a separate analysis of unit lifecycle costs to confirm the 
economically optimal combination.  
 
For the economically optimal combination (4+ PV–5+ EL), the minimum cost of 
hydrogen production is found to be about $22/kg, when PV and electrolyser capital 
costs are $8 000/kW and $1 500/kW respectively. This unit cost rises to around $38/kg, 
when the capital costs of PV and electrolyser are $10 000/kW and $5 500/kW 
respectively. The analysis revealed that for a solar-hydrogen system, the effect of 
electrolyser capital cost variation on hydrogen production cost is more significant than 
that of the capital cost variation of the PV modules, as there is a large range of 
electrolyser capital costs assumed, in comparison to the PV capital cost range, and the 
assumption of replacement of the electrolyser stack at the end of year 10. Hence, 
electrolyser lifetime is a critical issue in a solar-hydrogen system.  A direct-coupled PV-
electrolyser system will be able produce hydrogen around $1.3/kg less, a reduction of 
between 3.5 and 6%, in comparison to the system employing MPPT/dc-to-dc converter, 
based on the assumption of MPPT cost of $700/kW.  
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The theoretical approach and associated computer simulation model for optimal direct-
coupling of a PV array and a PEM electrolyser bank described in this chapter promise to 
be a useful tool in designing a solar-hydrogen system. However, the present model 
needs to be extended to get more accurate simulated current-voltage characteristic curve 
of the PV panel taking into account series and parallel resistance of the PV cells. In this 
model experimental current-voltage characteristic of PEM electrolyser is used for 
estimation of energy transfer and hydrogen production. Further development of the 
model is also necessary in the future, to incorporate theoretical current-voltage 
characteristic curves of the PEM electrolyser. Automation of this Excel spreadsheet 
model to find the optimal matching combination would also be an advantage by 
incorporating Visual basic programming or by the Matlab-Simulink programming as an 
alternative to get the simulation result faster.   
 
The theoretical and quantitative analysis conducted in the present chapter is applied in 
the next chapter to an actual direct-coupling experiment conducted over an extended 
period to measure the actual energy transfer and hydrogen production for the optimal 
combination of PV modules and the electrolyser stacks identified. In addition, the 
effects of the intermittent power input on hydrogen production and durability of the 
PEM electrolyser are analysed.      
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4. DIRECT-COUPLING OF A PV ARRAY TO A PEM 
ELECTROLYSER: EXPERIMENTAL INVESTIGATIONS OF 
RMIT SYSTEM 
 
4.1 INTRODUCTION 
 
In this chapter, the theoretical prediction of potential energy transfer and hydrogen 
production described in the previous chapter has been tested by conducting an 
experiment over a period of one summer month (between December 2007 and January 
2008). The actual energy transfer and hydrogen production are measured for the optimal 
combination of PV modules and electrolyser stacks identified. Four BP 275 PV modules 
connected in series were directly coupled to five StaXX7 PEM electrolyser stacks 
connected in series (4+ PV–5+ EL).  
 
Section 4.2 of this chapter describes the characterisation of all the PV modules before 
coupling them with the electrolysers. For this purpose the PV modules were rewired and 
connected to a new switching system enabling them to be connected in different series- 
parallel combinations. A new output terminal point to draw the power from these PV 
modules was also installed inside the RMIT Renewable Energy Laboratory.  
 
To conduct failsafe experimental work with the electrolysers, a hydrogen experimental 
cabinet and safety extraction interlock have been designed and implemented (described 
in section 4.3). A water filtration system has also been installed for supplying deionised 
water to the electrolysers. All the electrolyser stacks have been characterised before 
coupling with the PV array. For characterising the electrolysers as well as for coupling 
them with the PV modules, an experimental rig with all necessary instrumentation has 
been designed, assembled and tested (section 4.5).       
 
Following the characterisation of all the electrolysers, in section 4.6 they have been 
coupled directly to the PV array continuously for a period of around 728 hours, with 
467 hours effective direct-coupling operation time of the electrolysers omitting the 
hours of zero solar radiation. Experimental results have been analysed and compared
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with the theoretical predictions for total energy transfer and hydrogen production for the 
experimental period. Possible reasons for the difference between theoretical and 
experimental result have been identified, and the electrolyser’s response to the 
fluctuating power input from the PV array is also discussed.   
 
In section 4.7, to find out the effect of the intermittent power input on hydrogen 
production and durability of the PEM electrolyser, all the electrolysers have been 
characterised after the direct-coupling experiment and compared with the performance 
before coupling. 
 
4.2 CHARACTERISATION OF PV MODULES 
 
4.2.1 PV Module Specifications 
 
The PV modules used for the experimental direct coupling of PV-PEM electrolyser 
system studied were four BP275 modules of the ground-based PV array at RMIT 
University’s Renewable Energy Laboratory (Figure 4.1). These modules have a total 
collector area of 2.52 m2; and each module consists of 36 square monocrystalline silicon 
cells (12.5×12.5 cm2 each).  
 
 
 
Figure 4.1: Ground-based PV array used for the direct-coupling with the PEM electrolyser  
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These PV modules have been certified by the Commission of the European 
Communities Joint Research Center at Ispra in Italy to CEC503 specification. 
Manufacturer’s specifications of these modules at standard test conditions (STC) – that 
is, an average spectral density (air mass) at 1.5, irradiance normalised to 1 000 W/m2, 
and a cell operating temperature of 25oC – are given in Table 3.1. The dimensions of the 
PV module are of 1188 mm (H) × 530 mm (W) × 38.5 mm (D) and each weighs 7.5 kg. 
 
4.2.2 Experimental Setup  
 
4.2.2.1 Rewiring and Switching System of PV Modules 
 
Initially these PV modules were connected in parallel. They have been rewired and 
connected to a new switching system, so that they can be configured in different series-
parallel combinations according to requirements in the direct-coupling experiment. The 
schematic diagram of the switching control system of the PV modules is shown in 
Figure 4.2.  
 
 
 
Figure 4.2: Schematic diagram of switching system for connecting the PV modules in series-
parallel combinations  
 
In this figure S1, S2 … indicates switch numbers and P1, P2… indicates PV modules. 
The green lines are for connecting the PV modules in series and red lines for parallel 
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connection. This switching control system has been assembled in the RMIT workshop 
using single-pole double-throw (SPDT) and single-pole single-throw (SPST) switches, 
the details of which are given in Table 4.1.  
 
Name RS Part No Description Figure 
Toggle 
Switch 354-3112 
Single pole single 
throw (SPST); S-
1AW 
 
Toggle 
Switch 354-3140 
 
Single pole 
double throw 
(SPDT); S-3AW 
 
Minipol 
Case 238-2663 
Wall mounted 
enclosure; IP 65 
Rated 
 
 
Table 4.1: Component parts for PV switching system  
 
 
 
Figure 4.3: PV switch control box, behind the PV array bracket 
 
This switch control box was installed on the bracket behind the PV modules, as shown 
in Figure 4.3. A new output terminal point to draw the power from these PV modules 
was also installed inside the Renewable Energy Laboratory. The PV modules were kept 
at a 40o angle to the horizontal, facing north. 
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4.2.2.2 Pyranometer 
 
To record the solar radiation data during the experiment, a high quality pyranometer 
‘SolData 80SPC’ was installed at the same angle to the horizontal as the PV array (40o), 
facing north (Figure 4.4– Pyranometer 2). The sensitivity of this pyranometer is 191 
mV/(kW/m2). This pyranometer has an accuracy of ±3%, which has been calibrated and 
certified by the Fraunhofer Institute, Freiburg, Germany.  
 
 
 
Figure 4.4: Two SolData 80SPC Pyranometer at the Renewable Energy Laboratory   
 
4.2.2.3 Thermocouple 
 
To monitor the temperature of the PV module with varying solar radiation and ambient 
temperature, a shielded K-type thermocouple with an accuracy of ±0.8oC was firmly 
attached with epoxy adhesive at the rear side of a PV module (Figure 4.5). The other 
terminal of the thermocouple was brought inside the laboratory for logging the data. 
Another thermocouple was also placed in the air at the back of PV module to record the 
ambient temperature. Exact PV cell temperature can be found when a thermocouple is 
inserted into the junction of the PV cell, but in this case it is not possible to reach the 
junction of the PV cell.  
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Figure 4.5: K-type thermocouple at the back of a PV module 
 
4.2.2.4 Electronic Load 
 
 
 
Figure 4.6: Kikusui PLZ1004W electronic load 
 
Model type = PLZ1004W 
Operating voltage (dc) = 5V, 15 V, 50 V and 150 V; Accuracy: ±0.1% 
Maximum operating current = 2A, 20 A, 100 A and 200 A; Accuracy: ±0.2% 
Power Rating = 10 W, 100 W and 1 000 W; Accuracy: ±0.6% 
External dimension = 429.5 (W)×128 (H)×400 (D) mm 
 
Table 4.2: Specifications of the Kikusui electronic load  
 
A high precision Kikusui PLZ1004W variable electronic load (Figure 4.6) was 
employed to obtain the current-voltage and power-voltage characteristics of the PV 
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modules. It has a digital display of volts, amps, watts and load resistance. A detailed 
specification of this electronic load is given in Table 4.2.     
 
4.2.2.5 Data Logging System 
 
A Data Taker DT85 data logging system was employed to monitor and record all the 
experimental data (Figure 4.7). It has 16 analog input channels and can be expanded up 
to 48 inputs with a common reference terminal. It can be easily connected to most types 
of sensor and data measurement source. It also has the capability of storing up to 5 
million data points in its internal memory. This data logging system can log the data of 
dc voltage signal up to 30 V with an accuracy of ±0.1%, and dc current up to 30 mA with 
an accuracy of ±0.15%. Real-time data can be viewed in a computer with the ‘DeLogger’ 
interfacing software and it also allows unloading data into a spreadsheet. A detailed 
technical specification of this data logging system is given in Appendix 3.     
 
 
 
Figure 4.7: DT85 data logger 
 
4.2.2.6 Overall Experimental Setup for PV Modules Characterisation 
 
All the necessary components to characterise the PV modules as described above are 
shown in a schematic diagram of the overall experimental setup in Figure 4.8. All the 
four PV modules used for the direct-coupling with PEM electrolyser were characterised 
individually.    
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Figure 4.8: Schematic diagram of overall experimental set-up for PV modules characterisation 
 
The physical location of the PV array output terminals inside the Renewable Energy 
Laboratory and different instruments used for this experimental work are shown in 
Figure 4.9.  
  
 
 
Figure 4.9: Physical location of different instruments for the experimental PV module 
characterisation inside the Renewable Energy Laboratory 
 
A series of experiments was conducted on a clear cloud-free sunny day with a small 
variation of the solar radiation. The main measurement parameters for characterisation 
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of PV modules were solar radiation data, ambient temperature, PV module temperature, 
current and voltage. Data were recorded every 10 seconds during the experiment. The 
current-voltage and power-voltage characteristics curve for all the solar modules with 
associated solar radiation, power output and efficiency are shown in the following 
section. 
 
4.2.3 Experimental PV Modules Characteristics 
 
4.2.3.1 Characteristics of PV Module 1 
 
Solar radiation, 
G (W/m2) 
Ambient temperature, 
Ta (oC) 
PV temperature, 
T (oC) 
Current, I 
(A) 
Voltage, 
V (Volt)  
 Power, P 
(W) 
Efficiency, 
ηPV (%) 
843 8.6 35.8 4.07 0.28 1.14 0.24 
843 9.2 36.4 4.04 1 4.04 0.85 
844 9.1 37.3 4 1.69 6.76 1.42 
845 9.5 37.4 3.99 2.3 9.18 1.93 
846 9.3 37.8 3.94 3.32 13.08 2.75 
847 9.2 38.1 3.93 5.65 22.20 4.66 
849 9.1 37.8 3.92 6.43 25.21 5.28 
848 9.1 37.6 3.91 9.89 38.67 8.11 
847 9.2 36.9 3.85 12.15 46.78 9.82 
849 9.3 37.0 3.73 14.65 54.64 11.44 
848 9.4 37.2 3.57 15.38 54.91 11.51 
846 9.4 36.9 3.38 15.81 53.44 11.23 
847 9.2 37.0 3.28 16.05 52.64 11.05 
850 9.4 37.2 3.17 16.3 51.67 10.81 
853 9.7 37.2 2.91 16.8 48.89 10.19 
852 9.7 37.6 2.69 17.17 46.19 9.64 
856 9.7 37.9 2.48 17.47 43.33 9.00 
855 9.7 38.0 2.01 18.08 36.34 7.56 
856 9.8 38.1 1.7 18.46 31.38 6.52 
858 9.7 37.4 1.24 18.97 23.52 4.87 
859 9.8 37.5 1.11 19.12 21.22 4.39 
859 9.6 37.8 0.94 19.31 18.15 3.76 
858 9.5 38.2 0.85 19.38 16.47 3.41 
859 9.7 38.7 0.39 19.84 7.74 1.60 
858 9.5 38.3 0.21 20 4.20 0.87 
858 9.7 38.0 0.00 20.16 0.00 0.00 
 
Table 4.3: Experimental characteristic values of PV module 1  
 
Experimental data on characteristics and the calculated energy-conversion efficiency of 
PV module 1 are shown in Table 4.3. The PV efficiency was calculated using the 
following equation: 
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=PVη PV output power/input solar power
PVAG
P
×
=      (4.1) 
 
where PVA  is the area of PV module, G is the solar irradiance and P is the power out put 
from the PV module. 
 
Using experimental data from Table 4.3, the current-voltage characteristic and power-
voltage characteristic curve of PV module 1 are drawn on the same graph in Figure 
4.10, showing the maximum power output point (15.38 V, 3.57 A, 54.91 W).  
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Figure 4.10: Experimental current-voltage and power-voltage characteristic curves of PV 
module 1  
 
For this experiment the average values of solar irradiance, ambient temperature and PV 
module temperature were 851 W/m2, 9.4oC and 37.5oC respectively. The maximum 
efficiency of the module was found to be 11.5±0.4 %. The main causes of the 
uncertainty range are to the possible error in the solar radiation measurement by the 
pyranometer and the output power measurement from the electronic load. The 
procedure of uncertainty estimation and a sample calculation are given in appendix 4. 
Using the same experimental voltage at maximum power output point, average solar 
irradiance and average ambient temperature value as inputs, the model calculates the 
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efficiency of the module to be 12%. This is very close to the experimentally-measured 
efficiency with a discrepancy of only 0.5% point. 
 
4.2.3.2 Characteristics of PV Modules 2, 3 and 4 
 
For the PV modules 2, 3 and 4 experimental data and corresponding graphs are given in 
Appendix 1 and 2 respectively. From the experiment on PV module 2, maximum 
efficiency and maximum power output was found to be 11.4% and 55.2 W respectively 
(Table A-1). In this case the error in the measured efficiency was within ±4% of the 
efficiency.  For this experiment average values of solar insolation, ambient temperature 
and PV temperature were 862 W/m2, 9.9oC and 39.9oC respectively (Figure A-1).  
 
For the PV module 3 it can be seen that the maximum power output is about 56 W and 
maximum efficiency is 11.2% (Table A-2 and Figure A-2). The accuracy of the 
efficiency measured was found to be ±4% of the efficiency. Although the maximum 
power output has been increased a little due to an increase in solar insolation values, the 
efficiency decreased in comparison to the previous cases, mainly due to the increase in 
the PV module temperature at higher solar irradiance, and higher ambient temperature.   
 
In similar way the output characteristics of the PV module 4 are shown in Table A-3 
and Figure A-3. The maximum efficiency of this PV module attained was 11.3±0.4%. 
The average values of solar insolation, ambient temperature and PV temperature were 
881 W/m2, 10.9oC and 44.3oC respectively. The maximum power output point for this 
PV module was at 14.55 V, 3.83 A, 55.73 W. 
 
On the experiments performed on these PV modules, the maximum solar-to-electricity 
energy conversion efficiency achieved was 11.5% in comparison to the manufacturer’s 
quoted efficiency 13.3%. This difference was probably mainly due to the higher 
temperature of the PV modules during the test than that for panel STC (25oC) used by 
the manufacturer, some losses in the cables, and also to some error in the measurements. 
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4.3 HYDROGEN EXPERIMENTAL CABINET AND SAFETY INTERLOCK 
SYSTEM  
 
4.3.1 Hydrogen Experimental Cabinet and Extraction Fan 
 
To conduct experimental work with the electrolysers and any other hydrogen-related 
experiment, it is necessary to have a safe working space. For this purpose a hydrogen 
experimental cabinet has been designed as part of the work program for this PhD. A 
schematic diagram of this cabinet with extraction fan is shown in Figure 4.11, and 
details of the drawing are given in Appendix 3. According to the design specifications 
this hydrogen experimental cabinet was constructed and installed with an extraction fan 
by Laboratory Systems Group, a leading manufacturer of fume cupboards and 
extraction hoods in Australia. The size of the cabinet is 1 700 mm (W) × 850 mm (D) × 
1 200 mm (H), and it is fabricated from white polyvinyl chloride (PVC) thermoplastic 
polymer material. 
 
 
 
Figure 4.11: Schematic diagram of hydrogen experimental cabinet with extraction fan 
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This cabinet is mounted on an 850 mm high under bench support made in the RMIT 
workshop. It has four service ports, and a passive ventilation duct on side wall of the 
cabinet and window of the laboratory. This duct draws enough air from the outside for 
diluting generated hydrogen from the electrolysers well below the flammable limit. The 
physical location of the installed cabinet in the Renewable Energy Laboratory is shown 
in Figure 4.12.  A ducted system on the top of the cabinet is connected to an externally-
located centrifugal fan, complete with three-phase motor and operating at a minimum 
extraction flow rate of 660 L/min irrespective of the front-folding door opening. A 650-
series SSD variable speeds drive (Figure 4.13) for the extraction fan system is employed 
to perform this function. 
 
 
 
Figure 4.12: Hydrogen experimental cabinet inside the RMIT Renewable Energy Laboratory  
 
 
 
Figure 4.13: Variable speed drive for extraction fan system  
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4.3.2 Safety Extraction Interlock System 
 
To conduct failsafe experimental works with the electrolysers and different renewable 
energy sources such as PV and wind, a safety extraction interlock system was designed 
and installed. This interlock system detects any failure in the ventilation system, as well 
as the presence of hydrogen above preset safe limits in the laboratory and the cabinet. 
The extraction fan system is interlinked with the safety interlock system via an air 
pressure switch. The function of this switch is to ensure that the extraction fan is 
working properly at all times by extracting a sufficient amount of air to dilute the 
hydrogen well below the flammable limit for hydrogen gas in air. Two hydrogen 
detection sensors, one located in the ceiling of the Renewable Energy Laboratory, and 
the other one inside the hydrogen extraction cabinet, are used to ensure no accumulation 
of hydrogen above the flammable limit can occur in either of these spaces. A schematic 
diagram showing the working principle of the extraction interlock system is provided in 
Figure 4.14. The extraction interlock system has been designed in such a way that the 
extraction fan must first be turned on and running before the electrolyser can be 
supplied with either PV power or wind power. When the fan is extracting an adequate 
amount of air and the pressure drop in the exhaust duct reaches a predetermined level in 
the pressure switch, and in addition no hydrogen above safe levels is detected, the 
pressure switch will be closed allowing the PV/wind power to be available at the output 
terminals. These functions were accomplished by a programmable logic controller 
(PLC) and relays. When the electrolyser is in operation, if for any reason the 
concentration of hydrogen exceeds 8 000 ppm (lower flammable limit of hydrogen is  
40 000 ppm) either inside the cabinet or in the laboratory, the hydrogen sensors will 
send a signal to the override safety relay circuit breaker to cut off power supply for all 
experiments. But the extraction fan will be running to ventilate any remaining hydrogen 
inside the cabinet as well as in the laboratory. In this case, to resume the electrolyser 
operation, reset button needs to be pressed followed by the system start button, and then 
power will once again become available at the output terminals, when the pressure in 
the exhaust duct drops down to the predetermined level, and provided the hydrogen 
concentration remains well below 8 000 ppm. In addition to this feature, the safety 
control system automatically activates the extraction fan when it detects any voltage 
from the wind turbine or from the PV array when sun rises, and also switches off the fan 
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half an hour after the sunset ensuring there is no residual hydrogen gas in either the 
cabinet or the laboratory. This automatic on-off control of the extraction fan eliminates 
unnecessary energy consumption by the fan.      
 
According to the design requirements, the safety interlock system was assembled by a 
qualified contract electrician (Figure 4.15).   
 
 
 
Figure 4.15: Outside and inside view of the safety interlock system  
 
A complete list of main components of the extraction interlock system, including the air 
pressure switch, hydrogen sensors, PLC, safety relay for circuit breaker, voltage 
detection relay, voltage and current display panels for wind and PV output and relays 
for wind and PV output, together with their specifications is given in Table 4.4.  
 
Name Part No Manufacturer Description Figure 
Pressure switch 
for air DL 3A 
Kormschroder 
AG 
Precision differential 
pressure switch, 
connect/disconnect the 
system from the electrical 
power supply;  pressure 
range 0.2-3 mbr   
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Hydrogen 
sensor 
PK-GH-A080C-
W50A-C0-O5-R1-
S1-E2-X1-I2-P2-Z0 
Neodym 
Technologies 
Inc 
This PowerKnowz 
hydrogen sensor goes to 
alarm state at 8000 ppm 
concentration of hydrogen 
 
Programmable 
logic controller 
(PLC) 
FX1S-20MR Mitsubishi Electric 
It can take 12 input, and 
number of outputs are 8. 
Output type is relay  
 
Safety relay UE 43-2 MF Sick AG Breaks the circuit and Manual resetting  
 
 
Voltage level 
relay DUB01CB23500V 
Electromatic 
Controls Corp 
Over or under voltage 
monitoring relay. Output 
2×SPDT relays 
 
Contactor A9, A26 ABB 
Mechanically and 
electrically interlocked 
contactors  
 
Series CA6 
contactor CA6-105 
Sprecher + 
Schuh 
Open type three pole 
contactor with DC coil 
 
Panel meter D481MCS100V/2-001 Howard Butler 
DC Voltage and current 
meter 
 
 
Table 4.4: Main component parts for extraction interlock system  
 
4.4 DEIONISED WATER SUPPLY SYSTEM 
 
As the PEM electrolyser requires deionised water to run, a conventional in-line water 
deionisation filter system, Modulab TWIN20-DI from the Continental Water Systems 
Pty Ltd, was installed. This filter system is directly connected to the main water supply 
and able to deliver water with resistivity of 0.5 MΩ-cm or better at a flow rate 1.5 
L/min. A schematic diagram showing different components of the water deionisation 
system is provided in Figure 4.16. Tap water is first dechlorinated by passing through a 
radial-flow activated carbon filter and then deionised by using a mixed bed deionisation 
resin cartridge in the second canister. The quality of the output water is monitored by 
using a quality control monitoring lamp coupled to an in-line resistivity probe to 
indicate when the deionisation resin cartridge is exhausted and requires change-over. 
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The system is rated for inlet pressures up to 600 kPa and the inlet pressure of mains 
water supply to the system is regulated by a pressure regulator valve ranging 0-1 000 
kPa.  
 
 
 
 
 
  
 
 
 
 
 
 
Figure 4.16: Schematic diagram of water deionisation system   
 
A non-return isolation valve is also used to prevent the back flow of deionised water. At 
the outlet of the deioniser system, there are two ports for supplying water for conducting 
two experiments simultaneously. The installed deionisation system in the Renewable 
Energy Laboratory is shown in Figure 4.17.  
 
 
 
Figure 4.17: Modulab ‘TWIN20-DI’ water deioniser in the Renewable Energy Laboratory     
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4.5 CHARACTERISATION OF PEM ELECTROLYSER STACKS BEFORE 
COUPLING 
 
4.5.1 PEM Electrolyser Specifications 
 
The PEM electrolyser stacks employed for direct-coupling with the PV array in this 
experiment were the commercially available h-tec 50 W StaXX7 PEM electrolysers 
(Figure 4.18).  
 
 
 
 
O2 outlet 
Water 
inlet 
Positive 
terminal 
Negative 
terminal Water 
reservoir 
 
H2 outlet 
 
 
Figure 4.18: h-tec 50 W StaXX7 PEM electrolyser stack and schematic showing different parts   
 
Each of the electrolyser stacks has seven PEM cells connected in series, and is capable 
of producing 230 Ncm3 of hydrogen per minute. The permissible input voltage and 
current ranges for this type of electrolyser stack are 10.5–14 V dc and 0–4 A dc 
respectively. The body of the electrolyser stack is made of acrylic material and the 
hydrogen outlet is 6 mm (OD) acrylic tube. A small water reservoir cylinder is attached 
to the oxygen side of electrolyser stack by a series of silicone tube and acrylic tube 
assembly. Detailed specifications of this electrolyser are given in Table 3.2. 
 
4.5.2 Experimental Setup  
 
4.5.2.1 Electrolyser Switching System 
 
To connect the electrolysers in different series-parallel configurations, a switching 
system was developed. The schematic diagram of the switching control system for the 
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electrolyser stacks is shown in Figure 4.19. In this figure S1, S2 … indicates switch 
numbers, E1, E2… indicates electrolysers and F1, F2… for fuses. The function of the 
fuse is to prevent current flow above the rated current of the electrolyser taking place. 
Green lines indicate connecting the electrolyser stacks in series and red lines are for 
parallel connection. 
 
 
 
Figure 4.19: Schematic diagram of switching system for connecting the electrolyser stacks in 
series-parallel combinations  
 
This switching control system was assembled in the RMIT workshop using single-pole 
double-throw (SPDT), single-pole single-throw (SPST) switches, stick plugs and 4 A 
fuses. Detailed specifications of the main components used are given in Table 4.5. 
 
Name RS Part No Description Figure 
Toggle 
Switch 354-3112 
Single pole single 
through (SPST); S-1AW 
 
Toggle 
Switch 354-3140 
 
Single pole double 
through (SPDT); S-3AW 
 
Plug 738-890 738-884 
4 mm multiple spring 
wire stick plug (read and 
black); 30 A 
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Fuse 537-1329 Anti surge, glass bodied fuse; 4 A 
 
Enclosure 358-8672 
Grey painted steel 
electrical wall box; IP 62 
Rated 
 
 
Table 4.5: Component parts for electrolyser switching system  
 
The electrolyser switch control box was installed near the hydrogen experimental 
cabinet inside the Renewable Energy Laboratory as shown in Figure 4.20. 
 
 
 
Figure 4.20: Electrolyser switch control box, near the hydrogen experimental cabinet 
 
4.5.2.2 Power Transducer 
 
To measure power delivered to the electrolyser and log the data for current and voltage, 
a power transducer was designed and assembled in the RMIT workshop. The circuit 
diagram of this power transducer is shown in Figure 4.21. The transducer mainly 
consists of a closed-loop Hall-effect current transducer, two fixed resistors R1 (120 kΩ) 
and R2 (4.7 kΩ), and a variable resistor R3 (5 kΩ). These three resistors are connected 
in series, and then in parallel to the overall circuit for voltage measurement.   
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Figure 4.21: Schematic circuit diagram of the power transducer assembly 
 
The transducer has been designed in such a way that the output voltages do not exceed 
the maximum input signal voltage to the data acquisition system.  After construction it 
was calibrated, so that it can measure up to 20 A current with error ≤ ±0.05 A, and 
voltage up to 100 V with error ≤ ±0.05 V. Detailed specifications of the main 
components of the transducer are shown in Table 4.6. The assembled unit was installed 
inside the Renewable Energy Laboratory, just above the electrolyser switch control box 
(Figure 4.22).    
 
 
 
Figure 4.22: Installed Power transducer 
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Name RS Part No Description Figure 
Current 
transducer 321-6315 
Single pole closed loop hall effect 
current transducer, LTS 15-NP, 
measuring range 0-48 A 
 
Resistor 132-999 132-652 
Carbon film fixed resistor with 5% 
resistance tolerance, resistor value 
120 kΩ and 4.7 kΩ respectively  
Resistor   
(variable 
trimmer)  
154-2044 
Multi turn adjustable resistor with 
10% resistance tolerance, resistor 
value 5 kΩ    
 
 
Table 4.6: Component parts for power transducer 
  
4.5.2.3 Electrolyser Water Supply and Oxygen Ventilation System   
 
A central water supply and distribution system, and ventilation system for oxygen 
generated from the electrolysers, were designed and constructed to supply deionised 
water for all five electrolysers, as shown in the schematic diagram in Figure 4.23. 
Appropriate tubing and connectors are necessary in order to facilitate the smooth 
passage of water to all electrolysers and easy ventilation of oxygen during electrolyser 
operation. Water is fed from an overhead wall-mounted supply water tank located 
outside the hydrogen experimental cabinet. This water tank is connected to the water 
deionisation system so that it can be filled when needed. Due to the height difference 
between tank and the electrolysers inside the hydrogen experimental cabinet, water 
flows from the bottom of the tank through tubing and T-connectors to the top of the 
individual small water reservoirs attached to each electrolyser. On the top of the small 
water reservoir for the each electrolyser, a stopper is fitted through which passes two 
tubes, one for incoming water and the second for oxygen venting. Oxygen generated 
from the electrolysers with some water flows back to the central water supply tank 
through a separate tube running from each electrolyser, from where the oxygen is 
discharged to the atmosphere.      
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The tank was sized on the assumption that there are 10 hours of operation per day, and 
taking into account water usage both in the electrolysis reaction and water drag across 
the membranes of the electrolysers. The water supply tank is a cylinder made from clear 
acrylic, which is commercially known as Plexiglas or acrylic glass. The material for the 
acrylic cylinder is the synthetic polymer of methyl methacrylate. Acrylic has been 
chosen for the water supply tank as it does not introduce any ions to the water, which is 
essential for PEM electrolysers, and it is transparent so that the water level inside the 
tank is readily visible.  
 
The cylinder is cut out from a large tube and separate end-plates are attached on both 
side of the cylinder to form a complete tank. The top end-plate is designed to have a 
connection for the water inlet from the water deionisation system, and six other holes. 
Out of these six holes, five are the outlets of individual tubes running from the water 
reservoir of each electrolyser for carrying the oxygen produced along with some water; 
one extra hole is open to the atmosphere for easy ventilation of oxygen coming from all 
the electrolysers. The bottom end-plate has the connection for distributing water to all 
the electrolysers. The connections on the top and bottom end-plates were provided by 
employing a concentric boss (acrylic material); this boss has got internal NPT threads 
for easy connection of male connector and tubing. A special type of glue for acrylic 
material named “WELD ON 16”, which is clear, water thin, and acts as a very fast-
curing solvent was used to attach the bosses on end-plates, and end-plates to main body 
of the cylinder. The assembled supply water tank with schematic diagram is shown in 
Figure 4.24. The tank was tested for any leaks by connecting it to a mains water line on 
the top of the tank. This tank was mounted on the wall in the Renewable Energy 
Laboratory, with the bottom of the tank located 45 cm above the electrolysers in the 
hydrogen experimental cabinet.    
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Figure 4.24: Electrolyser supply water tank 
 
The whole water supply and oxygen ventilation system has been assembled with tube 
fittings and tubing from Swagelok and Saint-Gobain. Detailed specifications of all the 
components used are given in Table 4.7.  
 
Name Part No Manufacturer/ 
supplier Description Figure 
O-seal Male 
connector SS-600-1-4-OR Swagelok 
Stainless steel Swagelok 
tube fitting, male O-seal 
connector, 3/8 in. tube 
OD ×1/4 in. male NPT 
 
 
T-connector 30623-71 Cole-Parmer 
High-density 
polyethylene barbed T-
connector, 1/4 in.  
 
Silicone 
stopper 63994-26 Saint-Gobain 
High purity silicone 
stopper, top dia. 38 mm× 
bottom dia. 31 mm   
 
 
 
Bottom Plate 
 
   Top Plate 
Cylinder 
 
Boss with 
internal thread 
 
Holes for water 
return and O2 
vent tube 
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Vinyl tubing LT-4-6 Swagelok Vinyl tubing, 1/4 in. ID 
×3/8 in. OD  
 
Silicone 
tubing 95702-08 Saint -Gobain 
Tygon 3350 platinum-
cured silicone tubing, 
3/16 in. ID×1/4 in. OD 
 
Hose clip 9928 Unex Stainless steel Unex hose 
clip, size 9-12 mm 
 
 
Table 4.7: Fittings and tubing for water distribution and oxygen ventilation 
 
4.5.2.4 Common Hydrogen Outlet Tank and Mass Flow Measuring Assembly 
 
The common hydrogen outlet for all the electrolyser stacks, traps and allows removal of 
the water dragged across the membrane from the oxygen side of the electrolyser, and 
allows the total amount of hydrogen generated by all the electrolysers to be measured. A 
schematic diagram of the overall assembly of hydrogen outlet and mass of hydrogen 
measuring system is shown in Figure 4.25. Hydrogen generated from each of the 
electrolysers along with water dragged across the membrane is first carried into the 
central hydrogen outlet tank by an individual tube running from each electrolyser. 
Water is then trapped in the central tank and drained by opening a valve attached at the 
bottom of the tank when it is half to two-thirds full. From the top of the common tank, 
hydrogen passes through a gas drying unit as the generated hydrogen is humid. After the 
hydrogen passes through an inline particulate filter, its flow rate is measured in the 
hydrogen mass flow meter before the gas is discharged to the atmosphere via the 
exhaust duct of the hydrogen experimental cabinet.  
 
To facilitate hydrogen flow from electrolysers to the central outlet tank, a square boss 
(acrylic material) has been attached to the standard 6 mm (OD) outlet acrylic tube of 
each electrolyser. These bosses, 5 cm × 5 cm square and 3 cm deep, have a 7 mm 
diameter and 1 cm deep hole drilled in one side of its square face, and a 2 cm deep hole 
with an NPT internal thread  cut through from the other face to attach 1/4 inch male 
connector tube fittings (see Figure 4.26). 
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These bosses were machined in the RMIT workshop and attached to the outlet tubes of 
the electrolysers by the acrylic specific glue (WELD ON 16) (Figure 4.26). The joints 
were tested for any leaks using soap solution and looking for bubbles when the 
electrolysers were in operation.    
 
 
 
Figure 4.26: Modified electrolyser hydrogen outlet with square boss and tube fitting 
 
The common hydrogen outlet tank for all the electrolysers was designed and assembled 
in the RMIT workshop. It is designed to trap all the water coming out with hydrogen 
from all the electrolysers and drained out every day. It has been designed in such a way 
that if all the electrolysers run for 10 hours a day, half of the tank will be filled. This 
tank is made of clear acrylic cylinder, concentric bosses and cones. Detailed dimensions 
of each part and assembled tank are given in Figure 4.27.      
 
The main cylinder is 30 cm long and 10 cm outer diameter, with a wall thickness of 5 
mm. To complete the tank two cones (acrylic material) were attached on both ends of 
the cylinder. These cones have a large-end diameter of 10 cm and smaller-end diameter 
of 3 cm. After these, two concentric bosses 3 cm diameter and 3.5 cm long, having 
internal NPT threads to fit 1/4 inch male connector tube fitting, were glued at the two 
ends of the tank. Finally, for the outlets form each of the electrolyser, around the 
periphery of the tank five similar equally-spaced concentric bosses were attached 8.5 
cm below from the top of the cone.         
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Figure 4.27: Hydrogen outlet tank fed by electrolysers 
 
The tank was then tested for leakage as the various joints and connections were 
considered to be potential sources for hydrogen leaks. Both a hydrostatic and pneumatic 
leak test were carried out to ensure the tank was mechanically leak proof. Both pressure 
tests were carried out at relatively low pressure as in this experimental work hydrogen 
was produced at near atmospheric pressure and none was stored. As water is an 
incompressible fluid and exerts uniform pressure, hydrostatic leak testing was carried 
out by connecting the tank to the water deionisation system in one of the openings of 
the tank and closing all other openings using Swagelok plugs. The test pressure was set 
at a gauge pressure of 34 kPa (≈ 5 psi). Initially at two or three points water came out 
from the joints of bosses and cylinder. These locations were then resealed by applying a 
thicker layer of acrylic glue, and hot melt thermoplastic adhesive using a glue gun. The 
tank was left isolated for 24 hours to ensure complete settlement of bond between the 
 
All the dimensions are in cm 
30 
3.5 
3.5 
5 
10 
3 
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treated surfaces, and after that again the same water pressure applied. The system was 
then left for six hours and no leakage was observed from any joint.         
 
The hydrostatic testing of the acrylic tank was followed by the pneumatic test where an 
air pressure of 34 kPa was applied by a portable pneumatic compressor widely used in 
automobiles. The tank was then immersed in a large container filled with water to detect 
possible leakage in the form of bubbles coming out of the water, no bubbles were 
observed.   
 
Both the hydrostatic and pneumatic leak tests were successful in avoiding possible 
leakage from the different joints of the tank. Then the tank was mounted on a stand by 
circular brackets, and connections to the tank from all the hydrogen outlet bosses of the 
electrolysers were made using Swagelok tube fittings and tubing compatible with 
hydrogen (Figure 4.28). At the bottom of the tank a plug valve was attached to 
discharge the accumulated water.  Detailed specifications of the fittings used for this 
purpose are given in Table 4.8.       
 
 
 
Figure 4.28: Electrolysers’ hydrogen outlet tank assembly 
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Name Part No Manufacturer/ 
supplier Description Figure 
O-seal Male 
connector SS-600-1-4-OR Swagelok 
Stainless steel Swagelok 
tube fitting, male O-seal 
connector, 3/8 in. tube 
OD ×1/4 in. male NPT 
 
Plug SS-600-P Swagelok 
Stainless steel plug for 
3/8 in. Swagelok tube 
fitting 
 
Vinyl tubing LT-4-6 Swagelok Vinyl tubing, 1/4 in. ID 
×3/8 in. OD  
 
Plug valve SS-6P4T Swagelok 
Stainless steel quarter 
turn plug valve, 3/8 in. 
Swagelok tube fitting 
 
 
Table 4.8: Fittings and tubing for electrolyser hydrogen outlet tank assembly   
 
As the hydrogen gas generated by the electrolysers is humid, it was necessary to dry and 
filter it before passing it through the mass flow meter for measurement of hydrogen 
production rate. For this purpose a laboratory air and gas drying unit from ‘Drierite’ that 
is suitable for hydrogen gas was employed (Figure 4.29).  
 
 
 
Figure 4.29: Drierite gas drying unit 
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The inlet and outlet of this unit comes with a 1/8 inch stainless steel female NPT fitting, 
and the bottom inlet of the unit was connected to the top of the central electrolyser 
hydrogen outlet tank by a male connector. The drier material in the indicating drierite 
gives constant visual assurance of active desiccant; when the drier material is active, it 
is blue and it becomes pink when exhausted by absorbing moisture from the gas, and 
needs to be changed. This drying unit can take a maximum 50 g of water, at which point 
the desiccant needs to be changed.   
 
To capture any particulate material coming out from the dryer with hydrogen, a Tee-
type Swagelok particulate inline filter (Figure 4.30) was attached in between the gas 
drying unit and hydrogen mass flow meter. The pore size of this filter is 7 micron and it 
has 1/4 inch Swagelok tube fittings.    
 
 
 
 
Figure 4.30: Tee-type Swagelok 7 micron particulate filter 
 
A high-precision Sierra Smart Track Series 100 hydrogen mass flow meter was 
employed for measuring and logging the hydrogen produced by the electrolysers 
(Figure 4.31). This flow meter was specially calibrated for hydrogen mass flow rate 
measurement; the measuring range is 0–0.125 g/min and it gives equivalent output 
signal of 0–5 V for data logging purposes. Detailed specifications are given in Table 
4.9.  
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Figure 4.31: Sierra Smart-Track mass flow meter 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.9: Specifications of the Sierra Smart-Track mass flow meter   
 
The assembled hydrogen drying, filtration and mass flow measuring system is shown in 
Figure 4.32 and detailed specifications of the tube fittings used for this purpose are 
given in Table 4.10.  
 
 Model type = M100L-NR-2-OV1-PV2-V1-C0 
 Full scale reading = 0–0.1250 gm/min 
 Equivalent output signal = 0–5 V 
 Supply Voltage = 24 V dc 
 Calibrated gas = Hydrogen 
 Operating gas temperature = 10–50oC  
 Operating Pressure = Inlet: 0–4 bar; outlet: N/A 
 Tube fitting = 1/4 inch Swagelok tube fittings  
 Accuracy = ±1% full scale 
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Figure 4.32: Hydrogen dryer, inline filter and mass flow meter assembly 
 
Name Part No Manufacturer/ 
supplier Description Figure 
Male 
connector  SS-600-1-2 Swagelok 
Stainless steel Swagelok 
tube fitting, male 
connector, 3/8 in. tube 
OD x 1/8 in. male NPT 
 
Tube adapter SS-4-TA-1-2 Swagelok 
Stainless steel Swagelok 
Tube Fitting, Male Tube 
Adapter, 1/4 in. Tube OD 
x 1/8 in. Male NPT 
 
Port 
connector SS-401-PC Swagelok 
Stainless steel Swagelok 
Tube Fitting, Port 
Connector, 1/4 in. Tube 
OD 
 
 
Table 4.10: Tube fittings for gas drying, filter and mass flow meter assembly 
 
All the electrolysers with the common hydrogen outlet tank assembly, gas drying and 
mass-flow measuring system were placed inside the hydrogen experimental cabinet on a 
board and supporting stands (Figure 4.33). After that all the tube fittings, connections 
and joints were tested for any leaks by running the electrolysers and applying soap 
bubble solution. No leaks were detected.    
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Figure 4.33: Overall setup of electrolysers with their common hydrogen outlet, drying and 
measuring assembly 
 
4.5.2.5 Ambient Pressure Transducer 
 
To measure the ambient pressure during the experiment a precision ‘Halstrup BA 1000’ 
barometric pressure transducer was employed (Figure 4.34). The measurement pressure 
range is 80-120 kPa and it gives an equivalent output signal of 0-10 V for logging the 
data. Detailed specifications are given in Table 4.11.  
    
 
 
Figure 4.34: Installed Halstrup barometric pressure transducer                          
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Table 4.11: Specifications of Halstrup barometric pressure transducer  
 
4.5.2.6 Thermocouple 
 
Inlet water temperature to the electrolysers was measured by inserting a T-type 
thermocouple probe (accuracy ±0.5oC) in each of the electrolyser’s individual small 
water reservoirs through the oxygen ventilation tube. The tip of the probe was coated 
with transparent air-drying solvent-thinned polyurethane to prevent any ion liberation 
due to direct contact of the probe with the deionised inlet water to the electrolyser. 
Another thermocouple probe was kept inside the hydrogen experimental cabinet to 
measure the ambient temperature.   
 
4.5.2.7 dc Power Supply 
 
For characterising all the five electrolysers individually, a GW Insteck GPR-3510HD 
regulated 350 W dc power supply unit was used (Figure 4.35). Its output voltage and 
current range are 0–35 V and 0–10 A respectively.  
 
 
 
Figure 4.35: GW Insteck dc power supply 
 Model type = BA 1000-1-230-0-0 
 Measurement range= 80–120 kPa, Accuracy: ±1% 
 Temperature-dependent drift in measurement range = 0.04%/K 
(within the +10oC…+50oC range) 
 Equivalent output signal = 0–10 V 
 Supply voltage = 230 V ac 
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With this dc power supply unit, output voltage can be continuously adjusted between 0 
to 35 V by coarse and fine potentiometer; similarly the load current can also be adjusted 
from 0 to 10 A by coarse and fine potentiometer. It has a display panel for both the 
outputs.  Detailed specifications of this dc power supply unit are given in Table 4.12.      
 
 
 
 
 
 
 
Table 4.12: Specifications of GW Insteck 350 W dc power supply 
 
In addition to this power supply, a regulated 2 kW EMS dc power supply was employed 
for characterising all the electrolysers connected in series (Figure 4.36). Output voltage 
and current range of this type of dc power supply are 0–300 V and 0–6 A respectively, 
and detailed specifications given in Table 4.13.     
 
 
 
Figure 4.36: EMS dc power supply 
 
 Model type =  GPR-3510HD  
 Regulated output voltage = 0–35 V; Accuracy: ±0.5% 
 Regulated output current = 0–10 A; Accuracy: ±0.5% 
 Indicator meter display = 3½ digits 0.5" red LED   
 Supply voltage = 220 V ac 
 Dimension =  225 mm(W) × 145 mm(H) × 420 mm (D) 
 Weight = 18.5 kg 
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Table 4.13: Specifications of EMS 2 kW dc power supply 
 
4.5.2.8 Multimeter 
 
As well as the power transducer assembled for logging the data of electrolyser current 
and voltage measurement (section 4.5.2.2), two more ‘Digitech QM-1320’ multimeters 
were also used (Figure 4.37) for characterising the electrolysers, as detailed in Table 
4.14.      
 
 
 
Figure 4.37: Digitech QM-1320 multimeter 
 
 
 
 
 
 
 
 
 
Table 4.14: Specifications of Digitech multimeter 
 
 Model type = EMS 300-6 
 Regulated output voltage = 0–300 V;  Accuracy: ±2% 
 Regulated output current = 0–6 A;  Accuracy: ±2% 
 Indicator meter display = Digital LCD 
 Supply voltage = 220 V ac 
 Dimension =  19" (W) × 3½" (H) × 22" (D) 
 Weight = 13 kg 
 Model type = QM-1320 
 DC voltage  = 200 mV, 2 V, 20 V, 200 V and 600 V; Accuracy: ±0.5% 
 DC current = 2 mA, 20 mA, 200 mA and 10 A ; Accuracy: ±0.8% 
 Indicator meter display = 3½ digits  LCD 
 Dimension =  95 mm (W) × 200 mm (H) × 45 mm (D) 
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4.5.2.9 Data Logging System 
 
The same data logging system DT 85 described in subsection 4.2.2.5 and used for 
characterising the PV panels was also used for characterisation of the PEM 
electrolysers. 
 
4.5.2.10 Overall Experimental Setup for Electrolyser Characterisation 
 
The required apparatus and safety systems to conduct experiments with the electrolysers 
have already been described in sections from 4.3 to 4.5. In addition to that, before 
conducting any hydrogen-related experiments, RMIT University standard safety 
procedures have been followed, and conducted plant risk assessment, which is similar to 
Hazard Identification (HAZID) analysis for the experiments in conjunction with 
Occupational Health and Safety (OH&S) Technical Officer and Laboratory Manager. 
The overall experimental setup for characterising the electrolysers is shown as a 
schematic diagram in Figure 4.38. All five electrolysers were characterised individually 
as well as all connected in series, before directly coupling them to the PV system. A 
series of experiments was thus conducted to get the current-voltage characteristics and 
evaluate performance of the electrolysers within the permissible input voltage and 
current range specified by the manufacturer prior to the start of the main direct-coupling 
experiment.  
 
The physical locations of the various instruments used for these experiments are shown 
in Figure 4.39. The main measurement parameters for characterising these electrolysers 
were ambient temperature, ambient pressure, inlet water temperature to the 
electrolysers, current, voltage and hydrogen production rate. At the start of the 
electrolyser characterisation experiments and before taking any reading, the 
electrolysers were run for 10 minutes to stabilise their operation, and purge any residual 
air inside the tubing and inside the common hydrogen outlet tank for all the 
electrolysers. In addition, the common hydrogen outlet tank was open to the atmosphere 
through the gas dryer and mass flow meter during this procedure, so the buffering effect 
of any hydrogen or air stored inside the tank can be neglected. The experimental 
current-voltage characteristics and other characteristics parameters such as Faraday 
efficiency and energy efficiency obtained are presented in the following section. 
  Ch
a
pt
er
 
4:
 
Ex
pe
rim
en
ta
l D
ire
ct
-
Co
u
pl
in
g 
o
f R
M
IT
 
Sy
st
em
 
 
13
3 
                      Fi
gu
re
 
4.
38
: 
Sc
he
m
at
ic
 
di
ag
ra
m
 
o
f o
v
er
al
l e
x
pe
rim
en
ta
l s
et
-
u
p 
fo
r 
el
ec
tr
o
ly
se
r 
ch
ar
ac
te
ris
at
io
n
 
 
Ex
tr
ac
tio
n
 
fa
n
 
W
at
er
 
de
io
n
ise
r 
Ex
tr
ac
tio
n
 
in
te
rlo
ck
 
sy
st
em
 
H
2 
ex
pe
rim
en
ta
l 
ca
bi
n
et
 
D
ilu
te
d 
H
2 
to
 
at
m
o
sp
he
re
 
H
2 
se
n
so
r 
A
ir 
pr
es
su
re
 
sw
itc
h 
O
2 
to
 
ro
o
m
 
Fl
o
w
 
m
et
er
 
Fi
lte
r 
D
ry
er
 
El
ec
tr
o
ly
se
r 
ba
n
k 
H
2O
 
o
u
t 
W
at
er
 
ta
n
k 
O
2+
H
2O
 
D
ei
o
n
ise
d 
w
at
er
 
 
Co
m
pu
te
r 
D
T8
5 
 
 
 
da
ta
 
lo
gg
er
 
H
2 
 
H
2+
H
2O
 
El
ec
tr
o
ly
se
r 
sw
itc
hi
n
g 
D
C 
po
w
er
 
su
pp
ly
 
M
u
lti
m
et
er
 
Po
w
er
 
tr
an
sd
u
ce
r 
A
m
b.
 
te
m
p.
 
 
W
at
er
 
te
m
p.
 
A
m
b.
 
pr
es
su
re
 
tr
an
sd
u
ce
r 
 
 
 
Chapter 4: Experimental Direct-Coupling of RMIT System 
 
134 
 
 
Figure 4.39: Overall experimental set-up for electrolyser characterisation, inside the Renewable 
Energy Laboratory 
 
4.5.3 Experimental PEM Electrolyser Characteristics Before Coupling 
 
4.5.3.1 Current-Voltage Characteristics of Electrolyser Stack 1 
 
To obtain the current-voltage characteristic of the electrolysers, a dc voltage was 
applied with stepwise variation within the permissible limits specified by the 
manufacturer (14 V and 4 A maximum), given in Table 3.2. The time gap for each step 
variation of the applied voltage was two minutes to get steady current and voltage 
readings. Data were recorded for ambient temperature, ambient pressure, inlet water 
temperature to the electrolyser, voltage and corresponding current. Experimental 
characteristic data are shown in Table 4.15. The accuracy of measuring voltage and 
current were ±0.1 V and ±0.08 A respectively.   
 
Using experimental data from Table 4.15, the current-voltage characteristic curve of the 
electrolyser stack 1 has been drawn (Figure 4.40). For this experiment the average 
values of ambient temperature, ambient pressure and electrolyser inlet water 
temperature were 23.9oC, 100.46 kPa and 23.1oC respectively.  
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 Ambient 
temperature, Ta (oC) 
Ambient pressure, 
Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, V 
(Volt)  
Current, I 
(A) 
22.7 100.50 22.2 2.87 0 
22.9 100.49 22.2 4.14 0 
22.6 100.49 22.2 6.74 0 
22.8 100.49 22.2 7.37 0 
23.1 100.49 22.2 8.18 0 
23.1 100.48 22.2 9.14 0 
23.3 100.48 22.2 9.82 0 
23.0 100.48 22.3 9.93 0 
22.7 100.48 22.3 10.10 0.01 
22.9 100.48 22.3 10.13 0.02 
22.7 100.47 22.3 10.27 0.05 
22.9 100.47 22.3 10.36 0.09 
22.9 100.47 22.3 10.50 0.17 
22.9 100.47 22.3 10.60 0.25 
22.9 100.47 22.3 10.66 0.3 
23.2 100.46 22.5 10.86 0.49 
23.7 100.46 22.4 11.01 0.65 
23.8 100.44 22.4 11.24 0.94 
25.0 100.44 22.7 11.47 1.24 
25.1 100.44 22.9 11.58 1.38 
25.3 100.44 23.3 11.61 1.42 
24.5 100.43 23.4 11.83 1.73 
24.6 100.43 23.5 11.93 1.88 
25.0 100.45 23.6 12.01 1.98 
24.7 100.45 23.7 12.07 2.09 
24.5 100.45 23.7 12.16 2.21 
24.4 100.45 23.7 12.25 2.35 
24.4 100.44 23.8 12.35 2.52 
24.3 100.44 23.9 12.47 2.69 
24.3 100.44 24.0 12.58 2.86 
24.8 100.44 24.1 12.66 2.99 
25.0 100.44 24.0 12.77 3.15 
25.0 100.44 24.2 12.88 3.32 
24.8 100.43 24.2 12.99 3.5 
25.0 100.43 24.2 13.09 3.65 
24.9 100.42 24.3 13.16 3.75 
24.5 100.42 24.3 13.19 3.82 
24.9 100.43 24.5 13.23 3.89 
24.8 100.43 24.5 13.25 3.92 
25.5 100.43 24.5 13.26 3.97 
25.2 100.42 24.5 13.26 4 
 
Table 4.15: Experimental current-voltage characteristic values of electrolyser stack 1 before 
coupling  
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Figure 4.40: Experimental current-voltage characteristic curve of electrolyser stack 1 before 
coupling  
 
4.5.3.2 Current-Voltage Characteristics of Electrolyser Stacks 2, 3, 4 and 5 
 
For the electrolyser stacks 2, 3, 4 and 5 experimental characteristic data are given in 
Appendix 1 and 2. For the experiments conducted on electrolyser stack 2, the average 
values of ambient temperature, ambient pressure and electrolyser inlet water 
temperature were 25.3oC, 100.40 kPa and 24.6oC respectively. Data have been plotted 
to get the current-voltage characteristic curve of this electrolyser stack (Table A-4 and 
Figure A-4).  
 
In similar way the current-voltage characteristic values of the electrolyser stacks 3, 4 
and 5 are given in Table A-5, Table A-6 and Table A-7 respectively, and the 
corresponding characteristic curves are drawn (Figure A-5, Figure A-6 and Figure A-7 
respectively).  
 
From experiments conducted on all the five electrolyser stacks individually, the cut in 
voltages were all around 10.1 V, which is 1.44 V per cell, and after that current 
increased linearly as the applied voltage increased up to the maximum permissible 
voltage and/or current. None of the electrolysers reached its maximum permissible 
voltage (14 V) before the maximum permissible current of 4 A. So, as a precautionary 
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measure, further increase in supply voltage was avoided as it might lead to an excessive 
current flowing through the electrolyser resulting in damage of the membranes. 
 
4.5.3.3 Current-Voltage Characteristics of All Five Electrolyser Stacks in Series   
 
In addition to the individual characterisation of the electrolyser stacks, the current-
voltage characteristic curve obtained by connecting all five electrolyser stacks in series 
was also measured using a similar procedure prior to the start of the main direct-
coupling experiment, since this was the configuration actually used in this experiment 
(Table 4.16 and Figure 4.41). The average values of ambient temperature, ambient 
pressure and electrolyser inlet water temperature were 21.5oC, 100.66 kPa and 21.0oC 
respectively.   
 
Ambient 
temperature, Ta (oC) 
Ambient pressure, 
Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, V 
(Volt)  
Current, I 
(A) 
20.9 100.67 20.4 6.4 0 
21.0 100.66 20.5 13.3 0 
21.0 100.66 20.5 22.7 0 
21.0 100.66 20.5 27.3 0 
21.2 100.66 20.6 34.4 0 
21.2 100.65 20.6 37.3 0 
21.2 100.65 20.6 41.5 0 
21.2 100.66 20.7 47.3 0 
21.3 100.66 20.7 49.3 0 
21.6 100.66 20.8 50.5 0.01 
21.3 100.66 20.9 51.4 0.04 
21.5 100.67 21.0 52.2 0.11 
21.5 100.67 21.2 53.3 0.27 
21.3 100.66 21.1 54.7 0.53 
21.5 100.65 21.2 55.7 0.74 
21.7 100.66 21.3 56.6 0.95 
21.7 100.66 21.2 57.5 1.16 
21.4 100.67 21.1 58.7 1.48 
22.0 100.67 21.3 59.4 1.67 
22.0 100.68 21.6 60.4 1.95 
21.7 100.66 21.2 61.5 2.28 
21.8 100.67 21.2 62.2 2.51 
21.9 100.66 21.2 63 2.73 
21.9 100.66 21.3 63.9 3.02 
22.1 100.66 21.4 64.8 3.33 
22.0 100.66 21.3 65.6 3.6 
22.2 100.66 21.7 66.6 3.91 
22.1 100.66 21.6 66.8 4 
 
Table 4.16: Experimental current-voltage characteristic data for all five electrolyser stacks 
connected in series before coupling 
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Figure 4.41: Experimental current-voltage characteristic curve for all five electrolyser stacks 
connected in series before coupling  
 
4.5.3.4 Faraday Efficiency and Energy Efficiency of Electrolyser Stack 1 
 
To calculate the Faraday efficiency and energy efficiency of the electrolysers prior to 
the coupling experiment, the rates of hydrogen production by the electrolysers were 
measured by the hydrogen mass flow meter for a range of applied voltage and current 
drawn. The Faraday efficiency, Fη , is the ratio of experimental mass of hydrogen 
produced to the theoretical maximum mass of hydrogen
 
generated by the electrolyser 
for a given current. The rate of hydrogen
 
production is best expressed as a mass per unit 
time rather than volume per unit time, so that the energy content is independent of 
pressure. The Faraday efficiency of the electrolyser can thus be expressed as: 
 
)(,
(exp)
2
,2
thbH
H
F
m
m
b
ɺ
ɺ
=η           (4.2) 
 
where, (exp),2 bHmɺ  and )(,2 thbHmɺ  are the experimental and theoretical mass production rate 
of hydrogen from an electrolyser bank. 
 
According Equation 3.33, the theoretical maximum hydrogen production rate (mol/s) 
from a single cell electrolyser is: 
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Fn
I
n
e
c
thcH
.
)(,2 =ɺ  mol/s.     
 
Since, for the release of 1 mol of hydrogen, 2 mols of electron must pass around the 
external circuit, and the mass of 1 mol of hydrogen is 2 g, the theoretical hydrogen 
production rate of a single cell is:  
 
F
I
m cthcH =)(,2ɺ  g/s.          (4.3) 
 
If n cells are connected in series and m such branches connected in parallel in a bank, 
then the hydrogen production rate is:  
 
F
Imn
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=ɺ  g/s 
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=  60. ×=
F
In
 g/min.     (4.4) 
 
For this experiment, the hydrogen production rate of the electrolyser was obtained by 
running the electrolyser for 60 seconds for a constant applied voltage and current drawn. 
The energy content of the produced hydrogen was then compared with the energy 
supplied to the electrolyser to estimate the energy efficiency of the electrolyser.  
 
The energy efficiency of the electrolyser can be expressed as: 
 
tIV
HHVm HbH
E
××
×
=
22 (exp),ɺη          (4.5) 
 
where t is the time in seconds and 
2H
HHV  is the higher heating value of the hydrogen. 
 
The results obtained for the rate of hydrogen production, Faraday efficiency, and energy 
efficiency for different voltage applied and corresponding current drawn for the 
electrolyser stack 1 are presented in Table 4.17. Before taking the readings for each 
applied voltage, current drawn and hydrogen produced, the electrolyser was run for 
three minutes at every step to reach the steady state for current and voltage. These 
experimental data for Faraday efficiency and energy efficiency of electrolyser stack 1 
with respect to current are plotted in Figure 4.42. The uncertainties in the measured 
Faraday efficiency and energy efficiency were estimated to be ±7% and ±8% of the 
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respective efficiency values. The main causes of these uncertainties are the errors in 
voltage and current measurements by the multimeters, and hydrogen production rate 
measurement by the mass flow meter. It can be seen that the Faraday efficiency 
increased steadily from 94% to 98.3% with increasing current, with a mean value of 
96.3%. Meanwhile the energy efficiency steadily fell from 85.5% to 76.8% as current 
increased, with a mean value of 81.9%. 
 
Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, 
Pa (kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, 
V (Volt) 
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production 
rate, (g/min)   
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
24.8 100.42 24.6 13.26 4.00 0.0171 0.0174 98.3 76.8 
24.7 100.42 24.5 12.71 3.14 0.0134 0.0137 97.8 80.0 
25.1 100.41 24.7 12.45 2.84 0.0121 0.0124 97.6 81.5 
25.2 100.42 24.4 11.92 2.05 0.0085 0.0089 95.5 82.9 
24.7 100.43 24.5 11.62 1.62 0.0067 0.0071 94.4 84.8 
24.9 100.43 24.4 11.29 1.16 0.0047 0.0050 94.0 85.5 
 
Table 4.17: Experimental Faraday efficiency and energy efficiency of the electrolyser stack 1 
before coupling with PV  
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Figure 4.42: Faraday efficiency and energy efficiency characteristic curves for the electrolyser 
stack 1 before coupling 
 
Thus the Faraday efficiency is highest at high current whereas the energy efficiency is 
lowest. Conversely the energy efficiency is highest at low current and the Faraday 
efficiency is lowest. When the electrolyser is running at lower current, the parasitic 
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current loss is higher, that is the leakage current which escapes from the main flow of 
cell current and passes through the electrolyte or membrane; for this reason the Faraday 
efficiency is less at lower current (Hug et al. 1992; Ulleberg, Ø. 2003).  
 
4.5.3.5 Faraday Efficiency and Energy Efficiency of Electrolyser Stacks 2, 3, 4 and 5 
 
Experiments conducted on electrolyser stacks 2, 3, 4 and 5 the results for experimental 
hydrogen production rate for a range of applied voltage and current drawn and 
corresponding Faraday efficiency and energy efficiency values are tabulated in Table A-
8, Table A-9, Table A-10 and Table A-11 respectively in Appendix 1. On the basis of 
these experimental data, the Faraday efficiency and energy efficiency curves 
corresponding to current drawn by the electrolysers are shown in Figure A-8, Figure A-
9, Figure A-10, and Figure A-11 respectively in Appendix 2. 
 
4.5.3.6 Faraday Efficiency and Energy Efficiency of all five Electrolyser Stacks in 
Series 
 
The Faraday efficiency and energy efficiency of all the five electrolysers were also 
obtained by connecting them in series. Table 4.18 shows the experimental data and 
Figure 4.43 the corresponding efficiency curves.  
  
Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, 
Pa (kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, 
V (Volt) 
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production 
rate, (g/min)   
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
22.0 100.66 20.8 66.8 4 0.0857 0.0871 98.4 76.4 
22.1 100.66 20.8 65.3 3.57 0.0763 0.0777 98.2 78.0 
22.0 100.66 21.5 63.7 3.09 0.0660 0.0673 98.1 79.9 
22.0 100.66 21.0 62.2 2.65 0.0565 0.0577 97.9 81.6 
21.9 100.66 21.2 60.3 2.1 0.0447 0.0457 97.8 84.1 
22.2 100.67 21.3 58.8 1.66 0.0353 0.0361 97.8 86.1 
22.1 100.67 21.4 56.5 1.06 0.0223 0.0231 96.5 88.7 
22.2 100.66 21.5 55.4 0.76 0.0159 0.0165 96.4 90.0 
 
Table 4.18: Experimental Faraday efficiency and energy efficiency data for all five electrolyser 
stacks connected in series before coupling 
 
From this table and graph it can be seen that the Faraday efficiency increased 
progressively from 96.4% to 98.4% with increasing current, with a mean value of 
97.6%. Meanwhile the energy efficiency steadily fell from 90% to 76.4% as current 
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increased, with a mean value of 83.1%. The error range of the Faraday efficiency and 
energy efficiency were estimated to be ±1.5% and ±2.5% respectively. In the 
calculation of potential hydrogen production in chapter 3 (section 3.7), the Faraday 
efficiency of the electrolysers was assumed conservatively to be 97%, since from this 
experiment the average Faraday efficiency was found to be above this value. 
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Figure 4.43: Faraday efficiency and energy efficiency characteristic curves for all five 
electrolyser stacks connected in series before coupling 
 
4.6 EXPERIMENTAL DIRECT-COUPLING OF PV-ELECTROLYSER SYSTEM 
 
4.6.1 Overall Experimental Setup for Direct-Coupling 
 
After characterisation of both the five electrolyser stacks (50 W, 7 cell stack each) and 
the four PV modules (75 W each), they were directly-coupled to test the efficiency of 
energy transfer and hydrogen production. The coupling configuration was four PV 
modules connected in series directly-coupled to five electrolyser stacks in series, based 
on the optimum combination found in the theoretical analysis in chapter 3. The overall 
experimental setup for the direct-coupled PV-PEM electrolyser system is shown in 
Figure 4.44.     
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4.6.2 System Operation and Data Acquisition 
 
After assembling the entire system, the direct-coupled PV-PEM electrolyser system 
began operation in December 2007. Experiment measurements of system performance 
were conducted continuously over a period of one month from December 2007 to 
January 2008 to measure the actual energy transfer and hydrogen production for the 
optimal combination as indicated by the theoretical analysis. For most of the operating 
time, the system was unattended, experiencing weather ranging from hot and sunny 
(above 40ºC) to cool and cloudy conditions. 
 
A DT85 data logging system described in subsection 4.2.2.5 has been employed to 
monitor and recording all the experimental data. Main measuring parameters were 
ambient temperature, ambient pressure, PV panel temperature, solar radiation data, 
water inlet temperature to the electrolysers, actual PV power delivered to the 
electrolysers (voltage and current) and hydrogen mass flow rate. Real time data were 
recorded at five minute intervals continuously (day and night) during the experimental 
period. Data collection was managed by a desktop computer using ‘DeLogger’ 
interfacing software, allowing uploading data into an Excel spreadsheet.  
 
4.6.3 Analysis of Experimental Results 
 
4.6.3.1 Frequency Histogram of Experimental Solar Radiation Data   
 
At the end of the experimental period, the first step in analysing the data was to plot a   
frequency histogram for the solar radiation data, similar to that used in chapter 3 
(section 3.5).  The frequency histogram and distribution obtained are given in Figure 
4.45 and Table 4.19.  From this histogram it can be seen that total study period for the 
direct-coupling experiment was around 728 hours, out of which the effective operating 
time of the electrolyser was about 467 hours. The frequency distribution of the 
experimental solar data was then used to estimate the maximum electrical energy 
potentially available from the PV array over this experimental period, and the energy 
that would be theoretically expected to be delivered to the electrolyser given the 
particular PV array and electrolyser cell configurations, in a similar manner to that 
described in chapter 3 (section 3.6). 
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Figure 4.45: Experimental solar irradiance frequency histogram. Frequency refers to the 
number of five minute intervals during the study period in which the solar irradiance was in 
each of the ranges   
 
j Solar irradiance, Gj (W/m2) Frequency, fj (minutes) 
1 0 15 680 
2 100 12 100 
3 300 4 010 
4 500 2 930 
5 700 3 470 
6 900 5 355 
7 1 000 145 
 
Table 4.19: Experimental solar radiation data frequency distribution  
 
Hence a theoretical estimate of the amount of energy loss by employing direct coupling 
was found for this particular case, for comparison with the experimentally-measured 
energy transfer, and actual energy losses compared to the theoretical maximum energy 
transfer.  
 
4.6.3.2 Dynamic Response of Electrolyser with Varying Solar PV Input   
 
To see the electrolyser response with the varying electricity input from the PV array, 
electrolyser current and the corresponding solar irradiance values have been plotted for 
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a representative 300 hours of direct-coupling operation during the study period  in 
Figure 4.46.   
 
 
 
Figure 4.46:  Variation of electrolyser current with solar radiation (in this graph at around 100 
hours data for a few hours are missing due to maintenance of the system)  
 
It can be seen that the electrolyser current tracks the changes in solar radiation very 
closely, indicating a relatively rapid response to these changes and that the system 
operated reliably over the long direct-coupled experimental period. Over the time 
intervals used in this experiment (five minutes) it thus appears that the dynamic 
response of the electrolyser to varying current is sufficiently fast for any dynamic 
effects to be neglected. It is thus valid to use the steady-state performance 
characteristics of the electrolysers as measured prior to the direct-coupling experimental 
period in the analysis of the experimental results.  
 
4.6.3.3 Comparison of Experimental and Theoretical Energy Transfer 
 
Using the frequency distribution of solar radiation data during the direct coupling 
experiment (Table 4.19) as input, the theoretical analysis for this particular direct- 
coupled series-parallel stacking configuration of PV modules and electrolyser stacks 
found a predicted energy transfer of 41.8 kWh (Table 4.20), and a theoretical maximum 
achievable of 44.3 kWh using the procedure described earlier in chapter 3 (subsection 
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3.6.1). Hence the theoretical analysis predicted that the energy transfer loss with direct 
coupling compared to the maximum achievable in this case would be 5.6%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.20: Comparison of experimental and theoretical energy transfer for the experimental 
period 
 
It was found from the experimental data that the actual energy delivered to the 
electrolyser over the period of the experiment was 39.8 kWh with an uncertainty of 
measurement ±3%. Hence there was close agreement between the theoretically-
predicted and actual energy transfer from the PV modules to the electrolysers in this 
trial was found, with a discrepancy of less than 5% between theoretical and 
experimental results. 
 
4.6.3.4 Comparison of Experimental and Theoretical Hydrogen Production 
 
From the experiment it was found that a total of 788.8 g of hydrogen was produced over 
the experimental period as compared to 797.8 g predicted theoretically using the 
procedure described earlier in chapter 3 (subsection 3.7.1). Thus the difference between 
theoretical and experimental hydrogen production was less then 1.2%. With the 403.6 
kWh of total solar energy input, the overall solar-to-hydrogen energy conversion 
efficiency was found to be 7.8%. Theoretical total hydrogen production from the 
electrolysers was estimated using the Equation 3.67 for each data point and multiplying 
by 5, as the data were recorded every five minutes during the experiment; all these 
values were then summed. Similarly, experimental total hydrogen production was 
obtained multiplying by 5 each data point of hydrogen production rate from the mass 
flow meter reading, and then summing the series of values obtained.   
Total direct coupling time (hr: min) = 728:10 
Effective operation time of electrolysers (hr: min) = 466:50 
Total solar energy input (kWh) = 403.6 
Maximum potential total PV energy available (kWh) = 44.3  
Theoretical maximum potential total PV energy deliverable to the 
electrolysers (kWh) = 41.8 
Experimental total PV energy delivered to the electrolysers (kWh) = 39.8 
Difference between theoretical and experimental energy transfer (% of total 
energy  delivered) =  4.8 
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4.6.3.5 Possible Reasons for Variation of Experimental and Theoretical Results 
 
It has been seen in subsection 4.6.3.3 that the difference between the theoretically 
predicted and actual energy transfer from the PV modules to the electrolysers in this 
experiment was less than 5%. This discrepancy is relatively small and a number of 
factors may have contributed to this small divergence. One factor is the small error that 
arises from using an average solar irradiance for all irradiances that fall within each 
interval used in calculating the frequency distribution of solar radiation data. From 
Figure 4.45 it can be seen that this interval is 200 W/m2. For example, any solar 
irradiance in the range 400-600 W/m2 was taken as 500 W/m2 in the calculation. A 
second factor is that there was a slight difference between the actual performance of the 
PV modules in the experiment, and the performance assumed in the model (subsection 
3.2.5). Thirdly, it has been assumed that the energy transfer was constant over each five-
minute interval between successive data recording. Finally, it was also assumed for the 
theoretical calculation that no degradation of the electrolyser performance and the 
operating line was constant, during that experimental period. But from the experimental 
result of total hydrogen production it has been found that the electrolysers produced less 
hydrogen than that theoretically predicted (subsection 4.6.3.4). To find the degradation 
of the electrolyser performance, these electrolysers were also characterised after the 
direct coupling experiment as discussed in the following section. 
 
4.7 CHARACTERISATION OF PEM ELECTROLYSER STACKS AFTER 
COUPLING FOR COMPARISON OF DEGRADATION OF PERFORMANCE  
 
4.7.1 Current-Voltage Characteristics After Coupling 
 
4.7.1.1 Electrolyser Stack 1 
 
The electrolysers coupled to the PV array were subjected to variable power input as the 
solar radiation changed frequently, which may have adversely affected their 
performance and lifetime (Barbir 2005). To investigate this effect, the electrolysers in 
the PV direct-coupling experiments conducted were once again characterised after the 
month-long period of operation, so that performance before and after the experiment 
could be compared. All five electrolysers were characterised individually as well as all 
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connected in series as done before coupling to the PV system described in subsection 
4.5.3. The experimental current-voltage characteristics of all five electrolyser stacks are 
shown in the following sections. 
 
Ambient 
temperature, Ta (oC) 
Ambient pressure, 
Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, V 
(Volt)  
Current, I 
(A) 
23.4 100.76 22.8 5.15 0 
23.6 100.74 22.9 6.86 0 
23.6 100.74 23.0 7.51 0 
23.8 100.74 23.1 9.23 0 
23.8 100.73 23.4 9.95 0 
24.3 100.73 23.5 10.16 0.01 
24.3 100.72 23.6 10.19 0.02 
24.4 100.71 23.7 10.3 0.05 
24.3 100.71 23.8 10.39 0.09 
24.3 100.71 23.6 10.52 0.17 
24.7 100.70 23.7 10.65 0.25 
24.1 100.70 23.8 10.72 0.3 
24.4 100.70 23.9 10.94 0.49 
24.7 100.70 24.1 11.11 0.65 
24.7 100.69 24.1 11.4 0.94 
24.9 100.68 24.3 11.68 1.24 
24.7 100.68 24.4 11.8 1.38 
24.9 100.68 24.4 11.83 1.42 
25.3 100.67 24.8 12.09 1.73 
25.1 100.66 24.8 12.22 1.88 
25.2 100.66 24.9 12.29 1.98 
25.3 100.66 25.0 12.37 2.09 
25.4 100.66 24.9 12.47 2.21 
25.3 100.65 25.1 12.57 2.35 
25.5 100.64 25.0 12.71 2.52 
25.4 100.64 25.2 12.83 2.69 
25.4 100.64 25.3 12.96 2.86 
25.6 100.63 25.3 13.05 2.99 
26.2 100.62 25.3 13.14 3.15 
25.5 100.62 25.5 13.28 3.32 
26.0 100.62 25.1 13.41 3.5 
25.6 100.61 25.3 13.52 3.65 
26.2 100.61 25.4 13.6 3.75 
26.0 100.58 25.6 13.63 3.82 
25.9 100.59 25.6 13.69 3.89 
25.9 100.59 25.6 13.71 3.92 
26.4 100.60 25.4 13.75 3.97 
26.4 100.61 25.5 13.76 4 
 
Table 4.21: Experimental current-voltage characteristic values of electrolyser stack 1 after 
coupling  
 
To get the current voltage characteristic of the electrolyser stack 1, dc voltage was 
applied to the electrolyser terminals by step variation in similar way done before 
coupling. Data have been recorded for ambient temperature, ambient pressure, inlet 
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water temperature to the electrolyser, voltage and corresponding current. Experimental 
characteristic data after coupling for this electrolyser stack are shown in Table 4.21. The 
accuracy of measuring voltage and current were ±0.1 V and ±0.08 A respectively. For 
this experiment the average value of ambient temperature, ambient pressure and 
electrolyser inlet water temperature was 24.8oC, 100.68 kPa and 24.3oC respectively. 
 
The current-voltage characteristic curves of this electrolyser stack 1 before and after 
coupling with the PV array are drawn on the same graph (Figure 4.47). A small 
degradation in performance can be observed, since the applied voltage to draw a given 
current is consistently greater after the coupling experiment than before, causing 
decrease in the slope of I-V curve. For example, 13.3 V was required to draw the rated 
current 4 A before the experiment, while after nearly 13.8 V was required to draw the 
same 4 A current, and 13.3 V gave ~ 3.3 A.  
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Figure 4.47: Experimental current-voltage characteristic curves of electrolyser stack 1 before 
and after coupling  
 
4.7.1.2 Electrolyser Stacks 2, 3, 4 and 5 
 
Individual experiments conducted on electrolyser stacks 2, 3, 4 and 5 after coupling, 
and the corresponding current-voltage characteristic data and graphs are given in 
Appendix 1 and 2 respectively. For electrolyser stack 2 experimental current-voltage 
Chapter 4: Experimental Direct-Coupling of RMIT System 
 
151 
 
characteristic data after coupling are given in Table A-12. Current-voltage characteristic 
data before and after coupling have been plotted on the same graph to compare the 
performance degradation of this electrolyser stack (Figure A-12 For this electrolyser 
stack also, the applied voltage to draw same amount of current is consistently greater 
after the coupling experiment than before, but at lower current this trend is less 
significant.   
 
In similar way the current-voltage characteristic values of electrolyser stacks 3, 4 and 5 
are given in Table A-13, Table A-14 and Table A-15 respectively in Appendix 1, and 
the corresponding characteristic curves are drawn in Figure A-13, Figure A-14 and 
Figure A-15 respectively in Appendix 2. For the electrolyser stacks 3 and 4 much less 
reduction of the electrolyser’s operating line after coupling was observed. This means 
insignificant performance degradation of these electrolysers. But for electrolyser stack 
5, it can was found that after coupling the operating line of this electrolyser deviated 
more significantly in comparison other four  electrolyser stacks than before coupling. 
The applied voltage to produce a given current was consistently greater after the 
coupling experiment than before.  For example, 13.3 V was required to draw the rated 
current 4 A before the coupling experiment, while after the coupling the maximum rated 
voltage of 14 V gave a current of only 3.9 A and 13.3 V gave ~2.9 A (Figure A-15).  
 
4.7.1.3 All Five Electrolyser Stacks in Series 
 
In similar manner, current-voltage characteristic data were obtained by connecting all 
five electrolyser stacks in series after coupling as well. The average value of ambient 
temperature, ambient pressure and electrolyser inlet water temperature was 24.6oC, 
100.49 kPa and 23.7oC respectively. Table 4.22 shows the experimental characteristics 
data after coupling and Figure 4.48 the corresponding I-V curves before and after 
coupling.        
 
In this case also, there was a consistent increase in applied voltage to draw the same 
current after coupling than before. After coupling, all the five electrolyser connected in 
series could not draw their rated 4 A current (Figure 4.48 and Table 4.22), before the 
applied voltage reached the maximum permissible value of 70 V (14 V for each stack). 
Before coupling, 66.8 V was required to produce rated 4 A current, while after coupling 
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the maximum rated voltage (70 V) gave current of only 3.7 A, and 66.8 V gave ~3 A, a 
quite significant overall fall of 25% (Figure 4.48) over the 467 hours of effective direct-
coupled operation of the electrolysers.   
 
Ambient temperature, 
Ta (oC) 
Ambient pressure, 
Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, V 
(Volt)  
Current, I 
(A) 
24.0 100.56 22.6 7.7 0 
23.6 100.56 22.7 10.4 0 
23.7 100.56 22.8 15 0 
24.0 100.55 22.8 18.4 0 
23.9 100.55 22.9 24.2 0 
24.0 100.55 23.0 28.4 0 
23.9 100.54 23.0 31.2 0 
23.5 100.54 23.1 33.2 0 
24.3 100.53 23.2 38.3 0 
24.1 100.53 23.2 40.5 0 
24.1 100.53 23.3 45.1 0 
24.4 100.52 23.4 47.8 0 
24.4 100.52 23.5 49.8 0 
24.5 100.50 23.6 50.6 0.01 
25.0 100.48 23.6 51.5 0.04 
25.0 100.48 23.7 52.3 0.11 
25.2 100.48 24.1 53.5 0.27 
25.5 100.48 24.3 55.1 0.53 
24.5 100.47 24.3 56.3 0.74 
25.2 100.47 24.0 57.5 0.95 
25.0 100.47 23.9 58.6 1.16 
24.5 100.46 23.8 60.2 1.48 
24.9 100.46 23.8 61.2 1.67 
24.7 100.44 23.9 62.5 1.95 
25.2 100.44 24.0 64.1 2.28 
25.2 100.43 24.4 65.2 2.51 
25.5 100.42 24.8 66 2.73 
25.0 100.43 24.9 67.2 3.02 
25.1 100.42 24.8 68.5 3.33 
25.3 100.42 24.9 69.6 3.6 
25.5 100.42 24.8 70 3.71 
 
Table 4.22: Experimental current-voltage characteristic data for all electrolyser stacks 
connected in series after coupling 
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Figure 4.48: Experimental current-voltage characteristic curves for all five electrolyser stacks 
connected in series before and after coupling 
 
4.7.2 Faraday Efficiency and Energy Efficiency After Coupling 
 
4.7.2.1 Electrolyser Stack 1 
 
From the individual current-voltage characteristic curve of each electrolyser stack 
before and after direct-coupling experiment with PV, it is clear that all the electrolysers 
were not degraded to the same extent. To find out their efficiency degradation, a series 
of experiments was also conducted to determine the Faraday efficiency and energy 
efficiency of each individual electrolyser stack as well as all connected in series.     
 
Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, Pa 
(kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production 
rate, (g/min)   
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
26.3 100.60 25.6 13.76 4 0.0170 0.0174 97.7 73.6 
26.4 100.60 25.8 13.01 3.14 0.0132 0.0137 96.4 77.0 
26.8 100.60 26.1 12.77 2.84 0.0120 0.0124 96.8 78.8 
26.7 100.58 26.1 12.12 2.05 0.0084 0.0089 94.4 80.5 
26.5 100.58 25.7 11.79 1.62 0.0066 0.0071 93.0 82.3 
26.5 100.57 25.8 11.42 1.16 0.0046 0.0050 92.0 82.7 
 
Table 4.23: Experimental Faraday efficiency and energy efficiency of the electrolyser stack 1 
after coupling with PV  
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The results obtained for the rate of hydrogen production, and calculated Faraday 
efficiency and energy efficiency for the electrolyser stack 1 after coupling are presented 
in Table 4.23.  
 
To compare the performance degradation, experimental data for Faraday efficiency and 
energy efficiency before and after coupling have been plotted corresponding to current 
drawn by the electrolyser stack 1  (Figure 4.49).  
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Figure 4.49: Faraday efficiency and energy efficiency characteristic curves for the electrolyser 
stack 1 before and after coupling 
 
From this graph it can be seen that before and after coupling, the Faraday efficiency 
steadily increased with increasing current in both the cases. Before coupling the Faraday 
efficiency range was between 94% and 98.3%, with a mean value of 96.3%; after 
coupling it came down to between 92% and 97.7% with a mean value of 95%. Thus the 
average fall in Faraday efficiency was 1.3% points. Meanwhile the energy efficiency 
steadily fell from 85.5% to 76.8% as current increased, with a mean value of 81.9% 
before coupling, whereas after coupling the energy efficiency range was found to be 
between 82.7% and 73.6%, with a mean value of 79.2%. Thus the average fall in energy 
efficiency was 2.7% points. The uncertainties in the measured Faraday efficiency and 
energy efficiency were estimated to be ±7% and ±8% of the respective efficiency 
values. Since the uncertainties in the measured Faraday efficiency and energy efficiency 
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values are potentially greater than the measured degradation, it cannot be claimed 
directly on the basis of this experiment that there has been a significant degradation in 
performance of this electrolyser. 
 
4.7.2.2 Electrolyser Stacks 2, 3, 4 and 5 
 
Experimental results obtained for the rate of hydrogen production, Faraday efficiency, 
and energy efficiency for electrolyser stacks 2, 3, 4 and 5 after coupling are presented in 
Table A-16, Table A-17, Table A-18 and Table A-19 respectively in Appendix 1. Data 
have been plotted for Faraday efficiency and energy efficiency, corresponding to current 
drawn by the electrolyser stacks before and after coupling in Figure A-16, Figure A-17, 
Figure A-18 and Figure A-19 in Appendix 2. 
 
From the experimental results it can be seen that electrolyser stack 4 showed the least 
performance degradation (Figure A-18). For this electrolyser before coupling the range 
of Faraday efficiency was between 96.8% and 98.3% as current increased, with a mean 
value of 97.5%; after coupling it fell to between 95.2% and 97.7% with a mean value of 
96.8% (Table A-10 and Table A-18). Thus the average fall in Faraday efficiency was 
just 0.7% point. Meanwhile the energy efficiency range was between 86.2% and 77% as 
current increased, with a mean value of 81.4% before coupling, whereas after coupling 
the energy efficiency range was found between 84.7% and 76%, with a mean value of 
80.5%. The average fall of energy efficiency was therefore only 0.9% point. The 
uncertainties in the measured Faraday efficiency and energy efficiency were estimated 
to be ±7% and ±8% of the respective efficiency values. 
 
On the other hand, electrolyser stack 5 showed more significant degradation of 
performance after coupling in comparison to all other four electrolyser stacks (Figure A-
19). For this case before coupling the Faraday efficiency range was between 95.1% and 
98.9%, with a mean value of 97.2%; after coupling it came down to between 90.2% and 
96.4% with a mean value of 93.9% (Table A-11 and Table A-19), an average fall of 
Faraday efficiency of 3.3% points. Meanwhile the energy efficiency range was between 
84.6% and 77.2%, with a mean value of 81.5% before coupling, and dropped between 
77.9% and 71.3% and a mean value of 75.2% after coupling. Thus the average fall in 
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energy efficiency was 6.3% points. The errors for both Faraday efficiency and energy 
efficiency measurement were found to be ±8% of the respective values. 
 
4.7.2.3 All Five Electrolyser Stacks in Series 
 
Faraday efficiency and energy efficiency values for different current values of all the 
five electrolysers together after coupling were also obtained by connecting them in 
series (Table 4.24).  
 
Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, Pa 
(kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, 
V (Volt) 
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production 
rate, (g/min)   
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
25.7 100.47 25.4 70 3.71 0.0793 0.0807 98.3 72.7 
25.8 100.48 25.5 69.2 3.57 0.0758 0.0777 97.6 73.1 
26.1 100.47 25.3 66.9 3.09 0.0655 0.0673 97.3 75.5 
26.2 100.48 25.3 65 2.65 0.0560 0.0577 97.1 77.4 
26.2 100.47 25.4 62.5 2.1 0.0443 0.0457 96.9 80.4 
26.3 100.47 25.7 60.7 1.66 0.0350 0.0361 97.0 82.7 
26.3 100.47 25.5 58 1.06 0.0220 0.0231 95.2 85.2 
26.2 100.47 25.4 56.5 0.76 0.0155 0.0165 93.9 86.0 
 
Table 4.24: Experimental Faraday efficiency and energy efficiency data for all five electrolyser 
stacks connected in series after coupling 
 
Data have been plotted for Faraday efficiency and energy efficiency characteristic 
curves before and after coupling as shown in Figure 4.50. From this graph it can be seen 
that before coupling the Faraday efficiency range was between 96.4% and 98.4%, 
whereas after coupling it came down between 93.9% and 98.3%.  
 
The average value of Faraday efficiency after coupling was 96.7%, and the average 
decline was 1% point. The energy efficiency range was between 76.4% and 90% before 
coupling and dropped to between 72.7% and 86% after coupling. After coupling the 
average value of energy efficiency found was 79.1%, and an average decline in the 
range of 4% points. The errors of Faraday efficiency and energy efficiency 
measurements were estimated to be ±2% and ±3% of the respective efficiency values. 
Again the range of error is more than the measured reduction in Faraday efficiency, and 
for the energy efficiency there is a marginal difference between degradation of 
performance and the error range. 
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Figure 4.50: Faraday efficiency and energy efficiency characteristic curves for all five 
electrolyser stacks connected in series before and after coupling 
 
Hence from the individual as well as all-in-series characterisation of the electrolyser 
stacks before and after the coupling experiment, it cannot be concluded that the 
performance of the electrolysers degraded significantly over the 728 hours experimental 
period (467 actual hours of electrolysers operation). More precise experiments will be 
necessary to measure any change in performance with usage under direct coupling 
conditions. 
 
The electrolyser bank was directly-coupled to the PV array for an extended period of 
time and during this time a wide-ranging level of solar radiation provided vastly 
variable power input. This fluctuating power input might have affected their 
performance. Further testing with constant power input, with the same total amount of 
energy supply as transferred during the direct coupling experiment, is required to 
establish the extent to which performance degradation was due to variable power input, 
rather than simply the duration of operating period. Microscopic level analysis such as 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
techniques could also be usefully applied to explore any microstructural changes to the 
catalyst, membrane, and membrane electrode assembly (MEA). Due to time and 
resource constraints, these additional experimental investigations were not able to be 
conducted in the present project.  
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In addition, it is important to bear in mind that the results obtained here relate to the 
particular PEM electrolysers used, which have been designed primarily for low-usage 
educational demonstrations. PEM electrolysers designed for more extended operation 
are likely to show even lower degradation that observed in the present experiments. 
Based on the findings of experimental results of direct-coupling experiment of PV-PEM 
electrolyser system a paper was presented at  17th World Hydrogen Energy Conference 
(Paul & Andrews 2008).  
 
4.8 CONCLUSIONS 
 
An experimental investigation of direct-coupling of an array of four PV modules 
connected in series (giving 300 W in total) and a bank of five electrolyser stacks in 
series (that is, 250 W in total) has been conducted at RMIT University between 
December 2007 and January 2008. A specially-designed hydrogen experimental cabinet 
with an extraction interlock system has been employed in this experiment. The total 
direct-coupling time was around 728 hours, out of which effective direct-coupling 
operational time of the electrolysers was about 467 hours (omitting the hours of zero 
solar radiation). It was found that over the time intervals used in this experiment (five 
minutes) the dynamic response of the electrolyser to varying current was sufficiently 
fast for any dynamic effects to be neglected.  
 
Using the frequency histogram of experimental solar radiation data during the direct-
coupling experiment as input, the theoretical prediction of overall energy transfer from 
this particular PV array to the electrolyser bank for this period was 41.8 kWh, only 
5.6% less than the maximum achievable assuming  perfect maximum power point 
matching at all times. The actual energy transferred was 39.8 kWh, a discrepancy of less 
than 5% compared to the theoretical result. Moreover, the difference between the 
theoretical and experimental hydrogen production was less than 1.2%. This close 
agreement between the theoretically-predicted and actual energy transfer and hydrogen 
production lends support to the practical possibility of coupling them directly without 
any intervening costly electronic equipment like a MPPT/dc-to-dc converter. 
 
From the characterisation of the electrolysers before and after the direct coupling 
experiment, it was found that there was a significant degradation in their performance 
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but that the degree of degradation varied from stack to stack.  For example, before 
coupling when all the electrolyser stacks were connected in series, 66.8 V was required 
to draw the rated 4 A current, while after the experimental period of 467 hours of 
effective direct-coupling 66.8 V gave only ~3 A, a significant overall fall of 25%.  The 
mean values of Faraday efficiency and energy efficiency of the electrolysers all 
connected in series declined by 1% point and 4% points respectively over the 
experimental period. But the estimated error range was more than the reduction in 
Faraday efficiency, and for the energy efficiency this difference was marginal.    
 
The fluctuating power input to the electrolysers might have affected their performance. 
However, further testing is still required to establish the extent to which performance 
degradation was due to variable power input, rather than simply an extended period of 
operation. In addition, it is important to bear in mind that the results obtained in this 
project are for small-scale PEM electrolysers designed primarily for low-usage 
educational demonstrations rather than extended periods of operation. The use of 
techniques such as scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) techniques would also assist in the future study of the extent and 
mechanisms of degradation of catalysts and the membrane electrode assembly (MEA) 
in PEM electrolysers.  
 
The direct-coupling experiment reported and analysed in this chapter was on a relatively 
small-scale system. In the next chapter, the theoretical and experimental investigation of 
direct-coupling is extended to a larger-scale PV-electrolyser system: a 2.4 kW PV array 
at RMIT University coupled to an ‘Oreion Alpha 1’ stand-alone 2 kW PEM electrolyser 
developed by CSIRO Energy Technology.  
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5. DIRECT-COUPLING OF A PV ARRAY TO A PEM 
ELECTROLYSER: THEORETICAL AND EXPERIMENTAL 
INVESTIGATIONS OF CSIRO SYSTEM 
 
5.1 INTRODUCTION 
 
This chapter describes the theoretical and experimental investigation of direct-coupling 
of a 2.4 kW roof-mounted PV array at RMIT University’s Bundoora East Campus to a  
2 kW PEM electrolyser developed by CSIRO Energy Technology. This work has been 
conducted as part of a collaborative project with CSIRO Energy Technology, and is 
reported in detail in a joint paper accepted for publication in International Journal of 
Hydrogen Energy (Clarke et al. 2009), and a joint paper presented at 17th World 
Hydrogen Energy Conference (Clarke et al. 2008). The author of the thesis is a coauthor 
of both these papers. He has contributed in particular to setting up the RMIT PV array 
and interlinking the output terminals of this array with a safety extraction interlock 
system (chapter 4), the theoretical analysis of the optimal configurations of the PV 
modules and electrolyser to maximise energy transfer and hydrogen production, the 
conduct of the direct-coupling experiment, and assisting with the ensuing data analysis. 
CSIRO has designed and constructed the electrolyser and its balance of system, and 
prepared and installed this equipment for the experiment. The collaborative project as a 
whole is described in the present chapter. 
 
Section 5.2 of this chapter describes different features of the transportable standalone 
electrolyser system developed by CSIRO that provides a PEM electrolyser stack and 
complete balance-of-plant (BOP) in a single package. The RMIT PV array comprises 
thirty SX 80 polycrystalline solar modules (80 W each), the detailed specification of 
which are given in section 5.3.   
 
Current-voltage characteristics of both the PV module and electrolyser are described in 
section 5.4 for theoretical analysis of matching in terms of energy transfer and hydrogen 
production. The same matching strategy proposed in chapter 3 has also been employed 
here. To optimise matching for direct-coupling at various solar irradiance values, ten 
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different series–parallel combinations of PV modules and electrolyser stacks have been 
evaluated for their efficiency of energy transfer and hydrogen production.     
 
The direct-coupling experiment  was conducted for about 63 days over a 4-month 
period from September 2007 to January 2008 with many periods of unattended 
operation for multiple days, experiencing weather conditions ranging from hot and 
sunny (above 40ºC) to cool and cloudy (section 5.5). Experimental results have been 
analysed and compared with the theoretical predictions. Electrolyser response to the 
fluctuating power input from the PV array is discussed. Possible reasons for the 
difference between theoretical and experimental results are identified and the issue of 
degradation in electrolyser performance is addressed. Other direct-coupled PV-
electrolyser systems are reviewed and compared with the present study. 
 
5.2 CSIRO STAND-ALONE PEM ELECTROLYSER 
 
 
 
Figure 5.1: CSIRO’s 2 kW stand-alone PEM electrolysis system 
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The PEM electrolyser and its balance-of-plant used in this experiment were designed 
and developed by CSIRO Energy Technology, and directly coupled to the RMIT PV 
array. The CSIRO electrolyser is a transportable stand-alone system providing an 
electrolyser stack and complete BOP in a single package (Figure 5.1) (Clarke et al. 
2008; Clarke et al. 2009).  
 
The electrolyser stack requires only dc power and water as inputs, and provides 
hydrogen and oxygen as outputs. It has been designed to operate over a wide range of 
input power in order to accommodate the inherent variability of renewable sources. The 
upper front panel contains several digital indicators which display the values of key 
system variables such as stack current, stack voltage, flow temperature, case 
temperature, stack pressure difference and water inlet pressure.  These indicators allow 
for the electronic setting of upper and lower limits of the process variables and tripping 
an alarm relay if the values are exceeded. An additional ten status conditions are 
monitored by sensor switches, for parameters such as pressure, flow and gas detection. 
Furthermore, control systems have been incorporated to allow the unit to shut down and 
consume minimal power when the PV voltage falls below a predetermined value, and to 
restart when it climbs above a threshold on the following day. 
 
The system is designed for failsafe operation with multiple levels of built-in safety and 
operational redundancy. The electrolyser BOP incorporates monitoring of pressure, 
temperature and flow at all critical locations, as well as a pair of hydrogen leak 
detectors. Any indicated fault opens a contactor that disconnects the stack from its 
power supply. The electrolyser BOP control system has ‘auto-restart’ capability and is 
able to place the electrolyser on standby when power from the PV array falls below a 
prescribed minimum value (generally overnight), with automatic restart the next day. A 
relatively complex control sub-system manages this functionality, incorporating voltage 
and current detection, as well as time delays to maintain system stability. The voltage, 
current and timing parameters in this sub-system are adjustable so that operation may be 
tuned to the particular characteristics of the electrolyser and the PV array for reliable 
operation. 
 
 A built-in 40-channel data acquisition unit provides monitoring of individual cell 
voltages, temperature, pressure and other parameters. Power supplies for the stack and 
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the BOP are separated because of the variability of the former. Because of its intended 
transportable and standalone nature, the control systems and other balance-of-plant 
components of the electrolyser have been specified to operate from an external 12-volt 
supply. This could be a laboratory dc power supply, or a 12 V lead-acid battery at a 
remote location. The BOP is designed to take 24 – 30 V input from a renewable source 
such as PV solar or wind with current varying to 120 A for the electrolyser stack. 
 
5.3 ROOF-MOUNTED PV SYSTEM AT RMIT UNIVERSITY 
 
RMIT University’s Renewable Energy Laboratory at Bundoora East campus has a 2.4 
kW roof-mounted PV array (Figure 5.2), which has been used for direct-coupling to the 
CSIRO’s PEM electrolyser stack.  
 
 
 
Figure 5.2: Roof-mounted 2.4 kW PV array at RMIT University’s Renewable Energy 
Laboratory 
 
Model type = SX  80 (36 cells connected in series) 
Area of each module = 145.6×46.7 cm2 
Peak power Pmax(TS) = 80 W 
Peak power voltage Vmax(TS)  = 16.8 V 
Peak power current Imax(TS) = 4.75 A 
Short circuit current Isc(TS) = 5.17 A 
Open circuit voltage Voc(TS) = 21 V 
 
Table 5.1: Specifications of the SX 80 PV module 
 
The PV array comprises thirty SX 80 polycrystalline PV modules (80 W each) and 
occupies an area of 20.4 m2. The PV module specifications provided by the 
manufacturer under standard test conditions (STC) – that is, an average solar spectrum 
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at air mass 1.5, irradiance normalised to 1 000 W/m2, and a cell temperature of 25oC – 
are given in Table 5.1 and Appendix 3. 
 
5.4 THEORETICAL ANALYSIS FOR ENERGY LOSS AND HYDROGEN 
PRODUCTION THROUGH DIRECT- COUPLING COMPARED TO MPPT 
 
5.4.1 Current-Voltage Characteristic of PV Module 
 
Before coupling the electrolyser with a PV array it is necessary to know the current (I)-
voltage (V) characteristics of both the PV module and electrolyser, in order to ensure 
that PV array is able to supply the minimum cut-in voltage to the electrolyser in all solar 
irradiances. It is also necessary to ensure that for higher irradiances the output current 
from the PV array should not exceed the maximum rated current of the electrolyser, as 
mentioned in chapter 3 (section 3.1). I-V characteristic curves of the PV module (SX 80) 
for varying solar intensity and operating cell temperatures have been generated by the 
same mathematical modelling described in subsection 3.2.3. Simulated I-V 
characteristic curves for different solar irradiance levels and the MPP line is drawn on 
the same graph (Figure 5.3).   
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Figure 5.3: Current-voltage characteristic curves at different solar irradiances for a SX 80 PV 
module 
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5.4.2 Current-Voltage Characteristic of CSIRO PEM Electrolyser 
 
The polymer electrolyte membrane electrolyser stacking technology has been developed 
in-house at CSIRO (Badwal, Giddey & Ciacchi 2006; Clarke et al. 2009). A typical 
stack design for incorporation in the stand-alone electrolyser uses PEM cells of 100 cm2 
active area, which operate at about 2.0-2.2 V per cell at the maximum current density of 
1 A/cm2. A 15-cell stack, therefore, would have a nominal input power of about 3 kW. 
The stacking configuration can be modified to meet other voltage and capacity 
requirements. A very flexible safety and control system allows for setting of limits for 
current, voltage, temperature and pressure. Figure 5.4 shows the experimental 
performance of single electrolysis cells and stacks, as measured by CSIRO Energy 
Technology, ranging in size from 9 cm2 to 100 cm2 active area per cell.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Current-voltage characteristic curves and performance of single-cell electrolysis 
cell and stacks ranging in size from 9 cm2 to 100 cm2 active area per cell (experiments were 
carried out by CSIRO and the figure was provided by CSIRO) (Clarke et al. 2009)     
 
For the development, commissioning and evaluation of the BOP and complete 
electrolyser system, CSIRO constructed a 13-cell stack with 100 cm2 active area per 
cell. Maximum input is approximately 2.5 kW (25 V, 100 A), at which the rated output 
of approximately 9 standard litres/min of hydrogen is produced. The current-voltage 
characteristics and initial performance of individual cell and the stack as a whole tested 
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by CSIRO are shown in Figure 5.5. The energy efficiency of this stack at the start was 
around 91% at 50 A current input with individual cell energy efficiency varying 
between 90 and 92%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Initial performance of a 13-cell stack (top) and individual cells of the stack 
(bottom), each cell has an active area of 100 cm2 (experiments were carried out by CSIRO and 
the figure was provided by CSIRO) (Clarke et al. 2009) 
 
5.4.3 PV-Electrolyser Combinations Evaluated 
 
The number of cells in the electrolyser stack is an important design parameter for 
matching to the PV source under direct-coupling operation. The matching strategy 
proposed in chapter 3 has been employed, that is, varying the series-parallel stacking of 
individual cells in both the PV array and the PEM electrolyser so that the MPP line of 
the PV array and the load line of PEM stack align as closely as possible. For the 
theoretical analysis of the matching of the PV-electrolyser system, I-V characteristic 
curves of SX 80 type PV module for different solar irradiances were obtained by 
theoretical modelling; and the overall I-V characteristic of the electrolyser for a given 
series stack were established from the CSIRO experimental polarisation curve for an 
individual cell (1.5 – 1.9 V, 0 – 100 A). 
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To optimise matching for direct-coupling at various solar irradiance values, ten different 
series–parallel combinations of PV modules and electrolyser stacks have been evaluated 
(Table 5.2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.2: Evaluated PV-electrolyser series-parallel combinations 
 
For these combinations, the percentage of maximum available PV power transferred to 
the electrolyser at various solar irradiance values, overall annual energy loss (∆E%) 
compared to the highest value achievable from the PV array, potential hydrogen 
production over the year, and overall annual solar-to-hydrogen energy conversion 
efficiency are presented. Estimation of overall annual energy loss due to direct- 
coupling compared to maximum power point tracking at all times, and hydrogen 
production has been done by the same computer modelling described in chapter 3 
(sections 3.6 and 3.7). For this analysis for potential annual hydrogen production, the 
overall Faraday efficiency of the electrolyser has been nominally assumed to be 100%, 
based on the very high efficiency found in the experiment, as reported by Badwal, 
Giddey & Ciacchi (2006) for their similar electrolyser. The results for a selection of 
these series-parallel combinations evaluated are discussed in the following sections. 
 
 
 
PV- electrolyser combination  
PV module 
combination 
Electrolyser stack 
combination (all the 
cells are in series) 
30 PV parallel 13 cell stack 
30 PV parallel 11 cell stack 
30 PV parallel 10 cell stack 
30 PV parallel 9 cell stack 
30 PV parallel 8 cell stack 
15 parallel pairs 13 cell stack 
15 parallel pairs 14 cell stack 
15 parallel pairs 15 cell stack 
15 parallel pairs 16 cell stack 
15 parallel pairs 17 cell stack 
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5.4.4 Thirty PV Modules in Parallel – Thirteen Cell Electrolyser Stack 
 
One way the PV modules can be arranged in an array is to connect all 30 PV modules in 
parallel as shown in the schematic diagram Figure 5.6, and then couple these to the 13- 
cell electrolyser stack.    
 
 
 
Figure 5.6: Schematic diagram of all thirty PV modules connected in parallel and coupled to 
the electrolyser stack  
 
The operating points of PV modules and electrolyser for this combination are shown in 
Figure 5.7. From this graph it is readily noticeable that the operating line of the 
electrolyser is far away from the maximum power operating point line of the PV 
modules. Moreover, if all the PV modules are connected in parallel then no power will 
be delivered to the electrolyser irrespective of any solar irradiance value, as the PV 
array output voltage will not reach the cut-in voltage of the electrolyser stack. So this 
PV-electrolyser combination is unviable and not possible to estimate the annual energy 
delivered to the electrolyser, amount of annual energy loss and hydrogen production. 
Figure 5.7 also suggests that, for optimum power transfer from all the PV modules 
connected in parallel to the electrolyser, the operating line of the electrolyser should 
move left along the voltage axis, as close as possible to the MPP line of the PV array. It 
is possible to move the electrolyser I–V characteristic curve towards the MPP line of the 
PV array by reducing the number of cells in series of the electrolyser stack.   
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Figure 5.7: Coupling of thirty parallel-connected PV modules with 13-cell electrolyser stack 
 
5.4.5 Thirty PV Modules in Parallel – Nine Cell Electrolyser Stack 
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Figure 5.8: Thirty parallel-connected PV modules coupled with nine-cell electrolyser stack 
 
Since with the previous combination the output of the PV array was not able to reach 
the cut-in voltage of the electrolyser stack irrespective to any solar irradiance, to 
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improve the matching, thirty PV modules connected in parallel and nine-cell 
electrolyser stack combination are considered. Figure 5.8 shows that now the I–V 
characteristic curve of the electrolyser comes closer to the MPP line of the PV array in 
comparison to earlier case. The PV array is now able to deliver more than 93% of its 
maximum available power to the electrolyser at a solar irradiance of 300 W/m2, as can 
be seen from Table 5.3. Over the year total energy loss compared to the MPP condition 
is around 15.8%, potential total hydrogen production about 56.5 kg, and the overall 
annual solar-to-hydrogen energy conversion efficiency is around 6.6%.       
 
G (W/m2) mPVjP (W) ELjP (W) %mPVjELj PP  ∆E% 
Annual H2 
production (kg) 
Solar-to-hydrogen 
conversion eff. (%) 
1 000 1 922.2 1 408.7 73.3 
900 1 735.4 1 343.4 77.4 
700 1 351.5 1 137.6 84.2 
500 956.3 864.3 90.4 
300 555.6 520.1 93.6 
100 164.6 143.7 87.3 
15.8 56.4 6.6 
 
Table 5.3: Potential power delivered, annual energy loss, hydrogen production and annual 
solar-to-hydrogen energy conversion efficiency for thirty PV modules in parallel – nine-cell 
electrolyser stack combination 
 
5.4.6 Thirty PV Modules in Parallel – Eight Cell Electrolyser Stack 
 
Keeping the PV array combination the same (30 PV modules in parallel) but reducing 
the number of cells in the electrolyser stack to eight, more than 95% of the available PV 
power will potentially be delivered to the electrolyser, when the irradiance values are 
between 100 and 700 W/m2 (Table 5.4).  
 
G (W/m2) mPVjP (W) ELjP (W) %mPVjELj PP  ∆E% 
Annual H2 
production (kg) 
Solar-to-hydrogen 
conversion eff. (%) 
1 000 1 922.2 Excess power — 
900 1 735.4 Excess power — 
700 1 351.5 1311.2 97.0 
500 956.3 939.1 98.2 
300 555.6 550.6 99.1 
100 164.6 157.7 95.8 
— — — 
 
Table 5.4: Potential power delivered, annual energy loss, hydrogen production and annual 
solar-to-hydrogen energy conversion efficiency for thirty PV modules in parallel – eight-cell 
electrolyser stack combination 
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But for higher solar irradiance values (above 700 W/m2), the PV array will deliver a 
higher voltage and hence more current than the rated values for the electrolyser (Figure 
5.9), and hence this combination is not practical. Therefore, for this case it is not 
possible to estimate the annual energy delivered to the electrolyser, and amounts of 
annual energy loss, hydrogen production and overall annual solar-to-hydrogen energy 
conversion.   
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Figure 5.9: Thirty PV modules connected in parallel coupled with an eight-cell electrolyser 
stack 
 
5.4.7 Fifteen Parallel Pairs PV Modules – Thirteen Cell Electrolyser Stack 
 
In the previous case, the output current from all 30 PV modules connected in parallel is 
higher than the electrolyser upper current limit for higher solar irradiances. Another 
option is to connect the PV modules as 15 pairs, with series connection of two modules 
within each pair, all connected in parallel. A schematic diagram for the arrangement of 
PV modules is shown in Figure 5.10. The output current of the PV array is then halved 
and the voltage doubled. 
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Figure 5.10: Schematic diagram of fifteen pairs of PV modules connected in parallel and 
coupled to the electrolyser stack  
 
When these 15 pairs of parallel-connected PV modules directly-coupled to the 13-cell 
electrolyser stack, the operating line of the electrolyser is shown in Figure 5.11.  
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Figure 5.11: Coupling of fifteen pairs of parallel-connected PV modules with a 13-cell 
electrolyser stack 
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From the Table 5.5 it can be seen that more than 90% of the available PV power will be 
delivered to the electrolyser when the solar irradiance values are between 900 and 1 000 
W/m2. The overall energy loss on an annual basis is about 12.4% and total hydrogen 
production is more than 60 kg, with the overall annual solar-to-hydrogen energy 
conversion efficiency being around 7%. Figure 5.11 also indicates that for maximum 
power transfer from this arrangement of PV array, the number of electrolyser cells in 
series of the stack should be increased.  
 
G (W/m2) mPVjP (W) ELjP (W) %mPVjELj PP  ∆E% 
Annual H2 
production (kg) 
Solar-to-hydrogen 
conversion eff. (%) 
1 000 1 922.2 1 768.5 92.0 
900 1 735.4 1 575.3 90.8 
700 1 351.5 1 187.5 87.9 
500 956.3 821.7 85.9 
300 555.6 464.9 83.7 
100 164.6 137.8 83.7 
12.4 60.3 7.1 
 
Table 5.5: Potential power delivered, annual energy loss, hydrogen production and annual 
solar-to-hydrogen energy conversion efficiency for fifteen parallel pairs PV – 13-cell 
electrolyser stack combination 
 
5.4.8 Fifteen Parallel pairs PV Modules – Sixteen Cell Electrolyser Stack 
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Figure 5.12: Fifteen pairs of PV modules connected in parallel coupled with 16-cell 
electrolyser stack 
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When the number of PEM cells (in series) in the electrolyser stack is increased to 16 
and coupled to the PV array arrangement mentioned above, the operating line of the 
electrolyser moves closer to the MPP line of the PV array output (Figure 5.12). For this 
PV-electrolyser combination, more than 97% of the available PV power will be 
captured by the electrolyser for all solar irradiance levels (Table 5.6) and the 
electrolyser operating line passes through the MPP of PV array output, when the solar 
radiation intensity is 100 and 900 W/m2 as can be seen from Figure 5.12. In this case it 
is estimated that less than 1% of the maximum available energy from the PV array 
would be lost over the year with direct-coupling compared to a situation of optimal 
maximum power point tracking for the PV system at all times; annual potential 
hydrogen production from the electrolyser would be 69 kg, and the overall annual solar-
to-hydrogen energy conversion efficiency is 8.1%.    
 
G (W/m2) mPVjP (W) ELjP (W) %mPVjELj PP  ∆E% 
Annual H2 
production (kg) 
Solar-to-hydrogen 
conversion eff. (%) 
1 000 1 922.2 1 912.8 99.5 
900 1 735.4 1 735.4 100.0 
700 1 351.5 1 341.1 99.2 
500 956.3 936.2 97.9 
300 555.6 543.9 97.9 
100 164.6 164.6 100.0 
0.9 69.0 8.1 
 
Table 5.6: Potential power delivered, annual energy loss, hydrogen production and annual 
solar-to-hydrogen energy conversion efficiency for fifteen parallel pairs PV – 16-cell 
electrolyser stack combination 
 
5.4.9 Optimum Combination in Terms of Energy Transfer and Hydrogen 
Production 
 
To find the optimal matching condition in terms of energy transfer and as well as 
hydrogen production from a direct-coupled PV array and electrolyser, various series–
parallel combinations of PV modules and electrolyser stacks have been evaluated. For 
each combination the percentage of the maximum available PV power transferred to the 
electrolyser at various solar irradiance values, maximum available annual PV energy, 
the amount of energy loss over the year due to direct-coupling compared to the 
maximum energy transfer achievable and annual hydrogen production, have been 
calculated and the overall results are presented in Table 5.7.   
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From this table it can be seen that for some PV-electrolyser combinations, no values are 
given for annual energy delivered to the electrolyser, annual energy loss and annual 
hydrogen production. For some of these combinations the PV array output voltage does 
not reach the cut-in voltage of the electrolyser stack resulting in failure to deliver any 
power to the electrolyser. For the other combinations the PV array will deliver a higher 
voltage and hence more current than the rated values for the electrolyser for higher solar 
irradiance levels.  
 
From Table 5.7 it can be seen that 15 pairs of parallel-connected PV modules (with each 
pair of two modules in series) coupled to the electrolyser stack of 16 cells in series 
potentially gives the highest overall energy transfer and hydrogen production of all the 
options considered. In this case it is estimated that less than 1% of the maximum 
transferable energy from the PV array would be lost over the year (~26.9 kWh) with 
direct-coupling compared to a situation of optimal maximum power point tracking for 
the PV system at all times. Annual potential hydrogen production in this case would be 
69 kg, with the overall annual solar-to-hydrogen energy conversion efficiency being 
8.1%. 
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5.5 EXPERIMENTAL DIRECT-COUPLING OF RMIT PV SYSTEM WITH 
CSIRO ELECTROLYSER  
 
5.5.1 Overall Experimental Setup for Direct-Coupling  
 
To test these theoretical predictions the CSIRO electrolyser was directly-coupled to the 
2.4 kW roof-mounted PV array at the Renewable Energy Laboratory of RMIT 
University’s Bundoora East campus, as described in section 5.3. Initially this PV array 
was connected to a grid-interactive system. For the present experimental purpose the 
modules in this array have been rewired as 15 pairs, with series connection within each 
pair, all connected in parallel as shown before in Figure 5.10. Therefore, for this 
configuration the PV array open circuit voltage would be 42 V and peak power current 
around 71 A. A new output terminal point to draw the power from these PV modules 
was also installed inside the Renewable Energy Laboratory. The PV modules were fixed 
at a 40o angle to the horizontal, facing north. 
 
The stack used in the experimental program actually comprised 13-cells in series with 
100 cm2 active area per cell. This number is fewer than the calculated optimum based 
on the standard polarisation curve for the 16-cell stack as shown in Table 5.7 and Figure 
5.12. However, the 13-cell stack was available at the time of the experiment. This stack 
had been operated extensively over several hundred hours during the BOP construction 
and commissioning phase, and to resolve safety-related and other operational issues by 
CSIRO Energy Technology (Clarke et al. 2009). It had also gone through multiple 
forced and unforced shut-downs and start-ups, and operation with widely varying 
current loads, over this period prior to the direct-coupling experiment commencing. 
During this exhaustive commissioning stage, some cells had developed problems 
showing degradation in performance, and the energy efficiency of the stack had 
decreased to about 75% at 50 A. However, the main aims in the present study were to 
demonstrate the concept of direct-coupling of the PEM electrolyser with a solar PV 
array with minimal interfacing electronics, to establish a safe means of doing this, and 
to compare the measured performance with the theoretical prediction. Hence maximum 
efficiency of operation of the electrolyser itself was not the key issue, and the fact that 
the stack performance had already fallen in prior testing was immaterial.  
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This 13-cell stack was installed in the standalone CSIRO electrolyser system. Therefore, 
at the start of direct coupling experiment the average energy efficiency of the 
electrolyser was 75% (Clarke et al. 2009). The PEM stack operates most efficiently at 
~70-90ºC and the electrolyser is designed to reach and hold this temperature at full load 
of 100 A through internal heat generation. However, in actual operation with widely 
varying load, the operating temperature and efficiency are expected to be lower. 
  
The water supply (~500 ml per hour) to the electrolyser stack was from the water 
deionisation system described in chapter 4 (section 4.4). One outlet from the deioniser 
was directly connected to the water inlet port of the electrolyser by a pressure regulator 
operating at approximately 1.2 bar. The outputs from the PEM electrolyser are separate 
streams of hydrogen and oxygen saturated with water. No on-board gas drying or 
storage capability was incorporated at this stage but can be incorporated. Although the 
electrolyser stack is capable of generating hydrogen at pressures up to 6 bar, both 
hydrogen and oxygen were generated in this experiment at near ambient pressure.  
 
As mentioned before (section 5.2), the electrolyser BOP was designed for failsafe 
operation with multiple levels of built-in redundancy and incorporated monitoring of 
pressure, temperature and flow at all critical locations(Clarke et al. 2008; Clarke et al. 
2009). Two hydrogen leak detectors, for sensing hydrogen in the oxygen output stream 
as well as in the ambient atmosphere inside the electrolyser cabinet, were part of the 
electrolyser control system. Any indicated fault would open a contactor that would 
disconnect the stack from the PV input.  
 
In addition, the safety extraction interlock system that has been described in chapter 4 
(subsection 4.3.2) was also employed with respect to the PV output for this 
experimental work. A plant risk assessment has been conducted in conjunction with 
CSIRO scientists and engineers before conducting any experiment to meet the CSIRO 
safety standard. A schematic diagram of the overall experimental setup for direct 
coupling including extraction interlock system is shown in Figure 5.13. The hydrogen 
produced by the electrolyser was taken into a hydrogen cabinet by connecting a tube at 
the hydrogen outlet of the electrolyser and inserting it in the exhaust pipe of the 
hydrogen experimental cabinet for safe ventilation to the atmosphere. The oxygen 
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produced by the electrolyser was discharged into the room from the rear panel of the 
electrolyser cabinet, which also had a hydrogen leak detector fitted as mentioned above. 
 
To record the solar radiation data during the experiment, a high quality pyranometer 
‘SolData 80SPC’ was installed as shown in chapter 4 (Figure 4.4 – Pyranometer 1) at 
the same angle to the horizontal as the PV array (40o), facing north. The sensitivity of 
this pyranometer is 184 mV/(kW/m2) with an accuracy of ±3%. A T-type thermocouple 
was attached at the back of a PV module to monitor the temperature of the module with 
varying solar radiation and ambient temperature, and another thermocouple was also 
placed in the air at the back of PV module to record the ambient temperature. To 
measure ambient pressure a ‘Halstrup BA 1000’ barometric pressure transducer was 
employed as mentioned in chapter 4 (subsection 4.5.2.5). 
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5.5.2 System Operation and Data Acquisition 
 
The entire system was installed at RMIT University’s Renewable Energy Laboratory in 
July 2007 with the help of CSIRO Energy Technology. Figure 5.14 shows the CSIRO 
electrolyser cabinet, data acquisition and auxiliary power supply cabinet, and other 
related equipment inside the Renewable Energy Laboratory. Following initial testing 
concentrated on optimising the control, safety and auto-restart systems, the coupled 
system began operation in September 2007 with occasional days missed over the 
ensuing period due to maintenance and repairs. The integrated system was operated for 
approximately 63 days over the 4-month period from September 2007 to January 2008. 
The system had many periods of unattended operation for multiple days, experiencing 
weather ranging from hot and sunny (above 40ºC) to cool and cloudy. 
 
 
 
Figure 5.14: Physical location of the CSIRO electrolyser cabinet and other equipment inside 
the RMIT University Renewable Energy Laboratory 
 
Data collection was passive and independent of the control system. A built-in              
40-channel ‘Doric Digitrend 235’ data acquisition system was employed for monitoring 
and recording individual cell voltages, overall stack voltage, stack current, supply water 
temperature, return water temperature, electrolyser stack temperature, inside and outside 
ambient temperature, ambient pressure, solar radiation data and PV module temperature 
Chapter 5: Theoretical and Experimental Direct-Coupling of CSIRO System 
 
182 
 
(Clarke et al. 2009). Real time data was collected as spot readings at 10 minute intervals 
continuously (day and night) during the operation. Data collection was managed by a 
laptop computer using CSIRO proprietary software and saved as a text file able to be 
read by Microsoft Excel.  
 
5.5.3 Analysis of Experimental Results 
 
5.5.3.1 Frequency Histogram of Experimental Solar Radiation Data 
 
Following the direct-coupling experiment, analysing the data started by plotting a 
frequency histogram for the solar radiation data similar to that used in chapter 3 (section 
3.5). The frequency histogram and distribution obtained from these experimental data 
are given in Figure 5.15 and Table 5.8.   
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Figure 5.15: Experimental solar irradiance frequency histogram. Frequency refers to the 
number of ten minute intervals during the study period in which the solar irradiance was in each 
of the ranges    
 
From the frequency histogram of experimental solar radiation data recorded during the 
direct coupling operation in Figure 5.15, the total direct-coupled time was determined to 
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be around 1 519 hours with effective direct-coupling operation time of the electrolyser 
with PV being around 941 hours after neglecting the hours of zero solar radiation data. 
 
j Solar irradiance, Gj (W/m2) Frequency, fj (minutes) 
1 0 3 4670 
2 100 2 7610 
3 300 9 670 
4 500 5 810 
5 700 5 370 
6 900 7 040 
7 1 000 980 
 
Table 5.8: Experimental solar radiation data frequency distribution 
 
The frequency distribution of the experimental solar data was then used to estimate the 
maximum electrical energy potentially available from the PV array over this 
experimental period, and the energy that would be theoretically expected to be delivered 
to the electrolyser, in a similar manner to that described in chapter 3 (section 3.6). 
Hence a theoretical estimate of the amount of energy loss by employing direct coupling 
was found for this case, for comparison with the experimentally-measured energy 
transfer, and actual energy losses compared to the theoretical maximum energy transfer. 
 
5.5.3.2 Dynamic Response of Electrolyser with Varying Solar PV Input 
 
To investigate the dynamic response of the electrolyser to the varying electricity input 
from the PV array, electrolyser current and the corresponding solar irradiance values 
have been plotted for a representative 600 hours of direct-coupling operation during the 
study period in Figure 5.16 (Clarke et al. 2009). From this graph it can also be seen that 
the electrolyser current varied rapidly over the wide range of solar radiation variation, as 
in the previous experiment. This dynamic trend of the electrolyser current suggests that 
the system operated reliably over the relatively long experimental period. Over the time 
intervals used in this experiment (ten minutes) it thus appears that the dynamic response 
of the electrolyser to varying current was sufficiently fast for any dynamic effects to be 
neglected. 
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Figure 5.16:  Variation of electrolyser current with solar radiation  
 
5.5.3.3 Comparison of Experimental and Theoretical Results for Energy Transfer and 
Hydrogen Production 
 
Using experimental solar irradiance frequency histogram (Figure 5.15 and Table 5.8) as 
input, the theoretical analysis with direct-coupling of a 13-cell electrolyser stack to 15 
pairs of PV modules in parallel yielded an energy transfer 12.4% lower than the 
maximum of 613.9 kWh achievable from the array. The transfer losses are greater than 
the minimum they could be for direct-coupling these two components (less than 1%, as 
calculated earlier in subsection 5.4.8), since the electrolyser had 13 cells in series, rather 
than the more-optimum value of 16 cells. Therefore, 537.8 kWh of energy was available 
to the 13-cell electrolyser for conversion to hydrogen over the 941 hours of direct 
coupling operation. However, for our direct-coupling experiment, it has been found that 
the actual value delivered to the electrolyser was 455.5 kWh (Table 5.9). Thus, the 
discrepancy between theoretical and experimental energy transfer was 15.3% of the 
total energy transferred over the period. 
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Table 5.9: Comparison of experimental and theoretical energy transfer for the experimental 
period 
 
It was mentioned before that the electrolyser performance had degraded to some degree 
during the BOP construction and commissioning phase, so that at the start of the direct 
coupling experiment the average energy efficiency of the electrolyser was probably no 
more than 75%, as compared to the initially produced efficiency of 91%, as shown in 
Figure 5.5. If the electrolyser had not degraded and had maintained a 91% efficiency, it 
could have produced about 10.5 kg of hydrogen, as estimated by applying Equation 4.4 
and using the actual energy delivered (455.5 kWh) to the electrolyser during the 
experiment. At 75% energy efficiency, the electrolyser should have produced around 
8.6 kg of hydrogen. From the experimental data it is found that over the period a total of 
15 537.3 Ah charge was actually delivered to the electrolyser, which is equivalent to 7.5 
kg of hydrogen production. So, with the 455.5 kWh of energy delivered if 7.54 kg of 
hydrogen produced, the electrolyser’s overall energy efficiency was around 65% during 
the period of direct-coupling operation, showing a 10% point further degradation of the 
stack performance. From the experimental solar radiation data, with the 6 316.3 kWh of 
total solar energy input, the overall solar-to-hydrogen energy conversion efficiency was 
found to be around 4.7%.    
 
5.5.3.4 Possible Reasons for Variation of Experimental and Theoretical Results    
 
The main reason for the differences between experimental and theoretical results was in 
this case the non-optimal performance of the stack. In particular, one cell degraded 
prematurely and then showed a very high cell voltage, while it was assumed for the 
Total direct coupling time (hr: min) = 1519:10 
Effective operation time of electrolysers (hr: min) = 941:20 
Total solar energy input (kWh) = 6 316.3 
Maximum potential total PV energy available (kWh) = 613.9 
Theoretical maximum potential total PV energy deliverable to the 
electrolysers (kWh) = 537.8 
Experimental total PV energy delivered to the electrolysers (kWh) = 455.5 
Difference between theoretical and experimental energy transfer (% of total 
energy delivered) =  15.3 
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theoretical calculation that no degradation of the electrolyser had taken place. In order 
to assess the degradation of the electrolyser performance over the period of operation, a 
linear regression analysis has been performed in conjunction with CSIRO Energy 
Technology on the actual current-voltage data obtained during the direct coupling 
experiment as shown in Figure 5.17 by the straight red line (Clarke et al. 2009). From 
this graph it can be seen that the degradation in the 13-cell electrolyser stack resulted in 
a considerable shift of the actual operating line of the electrolyser in comparison to that 
assumed for the theoretical analysis (blue line).  
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Figure 5.17:  Electrolyser current voltage characteristic curve with actual data points and linear 
regression line during direct coupling experiment  
 
Other factors as mentioned in the previous chapter are also likely to have contributed to 
the difference between the calculated and actual energy transfer and hydrogen 
production, including: 
 using an average solar irradiance for all irradiances that fall within each interval 
used in calculating the frequency distribution of solar radiation data;  
 the assumption of constant energy transfer over each ten-minute data logging 
interval; and  
 a slight difference between the actual performance of the PV modules and that 
assumed in the model.  
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There are several possible causes for the observed degradation in performance of the 
electrolyser stack. The electrolyser was directly-coupled to the PV array for an extended 
period of time (941 hours of actual operation) and during this time a wide-ranging level 
of solar radiation provided variable power input to the electrolyser. This fluctuating 
power input to the electrolyser may thus have adversely affected its performance and 
lifetime. As with the RMIT direct-coupling experiment (chapter 4), however, further 
testing is required to establish the extent to which performance degradation is due the 
variability of the power input over and above degradation due to constant usage over 
time. The main possible causes, as suggested by CSIRO Energy Technology, for 
electrolyser degradation are the following (Clarke et al. 2009; Giddey et al. 2008; 
Stucki et al. 1998; Xie et al. 2005): 
 problems in stack assembly, mechanical damage in the PEM such as pin holes in 
the membrane  
 delaminating or de-bonding at the membrane / electrode interface 
 loss of conductivity of the membrane due to leaching out of fluoride / sulphonic 
acid groups and contamination by other metallic ions 
  change in properties of the catalyst affecting its electroactivity at the interface 
 and increase in the contact resistance between the electrode supports and the 
interconnect plate due to interconnect surface oxidation.  
 
5.5.3.5 Comparison with Other Direct-Coupled PV-Electrolyser Systems   
 
Recently, some other direct-coupling PV-electrolyser systems have been demonstrated 
and reported in the literature as mentioned earlier in chapter 2. Specifically, Arriaga et 
al. (2007) described a PV-PEM electrolyser coupling system consisting of a 36 solar 
panels (75 W each) interconnected in a configuration of 2.7 kW power at 48V dc output 
and a commercial 5.6 kW electrolyser stack of 25 cells in series. These authors 
concluded that by an optimal design of the PV system, the electrolyser can well match 
with PV output when the solar irradiance is in the range of 600 - 800 W/m2. However, 
their study did not report any quantitative experimental result for energy transfer, and 
also the period of direct-coupling operation was not mentioned. Another recent paper 
discussed an early proof-of-concept direct-coupling PV–electrolyser home fueling 
system to supply hydrogen to a fuel cell electric car vehicle on average daily commute 
(Kelly, Gibson & Ouwerkerk 2008). The electrolyser was a high pressure (44.8 MPa) 
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alkaline system capable of supplying 2.8 kg hydrogen over 24 hour period of 
continuous operation with a power consumption of 156 kWh (28 kWh for 0.5 kg 
hydrogen). The PV system consisted of 4 arrays of 10 modules each (total area 47.2 m2) 
with maximum power output of 7.6 kW and a maximum power point voltage of 54.8V. 
The authors reported experimental results for only about 38 hours of operation over 14 
days.  
 
The present theoretical analyses on two different PV–electrolyser systems investigated 
found for the first proposed optimum combination (chapter 3, subsection 3.6.8) an 
overall energy loss over the year compared to the continuous MPP condition of only 
about 5.3%.  For the second proposed optimum PV-electrolyser combination examined 
in this chapter (subsection 5.4.8), the energy transfer loss compared to the maximum 
achievable was less than 1%. In these studies, the first system (chapter 4) was operated 
in the direct-coupling mode for 32 days with 467 hours of actual operation, and the 
second system described in this chapter operated for 63 days with an effective coupling 
operating time 941 hours. 
 
These two present investigations have thus successfully demonstrated and measured the 
performance of a direct-coupled PV–electrolyser system for much longer periods than 
those employed in the studies reviewed above.  
 
5.6 CONCLUSIONS 
 
The functionality of a larger-scale direct-coupled PV array and a PEM electrolyser has 
been successfully demonstrated. To find the optimum PV-electrolyser combination in 
terms of energy transfer as well as hydrogen production, ten different series-parallel 
combinations have been evaluated theoretically for the percentage of maximum 
available PV power transferred to the electrolyser at various solar irradiance values, 
overall annual energy loss compared to the highest value achievable from the PV array, 
and potential hydrogen production over the year. From this analysis the optimum 
combination found comprised 15 pairs of parallel-connected PV modules (with each 
pair of two modules in series) coupled to an electrolyser stack with 16 cells in series. 
This combination gave the highest overall energy transfer and hydrogen production of 
all the options considered, with loss less than 1% of the maximum available energy 
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from the PV array over the year (~26.9 kWh), compared to the situation of optimal 
maximum power point tracking at all the times. This combination would potentially 
produce 69 kg of hydrogen over the year.    
 
However, for the direct-coupling experimental program with the PV array, the CSIRO 
PEM electrolyser stack used had 13 cells in series with 100 cm2 active area per cell. 
This particular 13-cell stack was available at that time and coupled to the RMIT roof- 
mounted PV array comprising of 15 pairs of parallel connected PV modules (with each 
pair of two modules in series). This direct-coupling experiment was conducted for 
approximately 63 days between September 2007 and January 2008. During the BOP 
construction and commissioning phase some cells of the electrolyser developed 
problems showing degradation in performance and the average energy efficiency at the 
start of direct coupling experiment was about 75%. 
 
The PEM electrolyser responded rapidly to load variations during the day caused by 
variations in solar radiation, and was able to cope satisfactorily with extreme 
temperature changes (20 to 40oC), cloudy and rainy conditions, auto shut-down at night 
and start-up in the morning over a period of four months. Total 455.5 kWh of electrical 
energy actually delivered from the PV array to the electrolyser during the experimental 
period, in comparison to 537.8 kWh theoretically predicted energy transfer, and 
produced around 7.54 kg (~91 Nm3) of hydrogen, at an overall solar-to-hydrogen 
energy conversion efficiency of around 4.7%. The experimental results show that on 
average energy efficiency of the electrolyser stack degraded further during the 
experiment from 75% to 65%.  
 
Long-term performance degradation of PEM electrolyser, in a direct-coupled solar-
hydrogen system over an extended period of operation, is thus a concern, and requires 
further testing to determine the extent to which the degradation is directly attributable to 
the variability of the power input as opposed to usage over time at constant power. 
However, modification to the stack design and materials are likely to reduce this 
degradation significantly and enhance energy transfer between a directly-coupled PV 
array and the electrolyser, and hydrogen production over an extended period of 
operation.
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6. CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 THIS CHAPTER 
 
The topic of the present thesis is solar-hydrogen systems for remote and other 
standalone applications, with the focus on the direct-coupling of a PV array and a PEM 
electrolyser, and related issues of durability and long-term performance of the 
electrolyser with variable power input. This is the final chapter of the thesis, which 
summaries responses to the research questions set in the first chapter. Overall 
conclusions are drawn based on the findings, and specific recommendations made for 
further research and development on the solar-hydrogen systems and widespread 
implementation of direct-coupled PV-electrolyser systems in RAPS applications.   
 
6.2 RESPONSES TO RESEARCH QUESTIONS 
 
6.2.1 What is the Most Energy-Efficient and Cost-Effective Matching or Coupling 
System between the PEM Electrolyser and PV Array? 
 
Maximum utilisation of the available power from the PV array by the electrolyser is 
essential to make a solar-hydrogen system more energy efficient and cost effective. In 
most such systems made to date, a power-controlling and voltage-conversion device has 
commonly been used between the PV array and electrolyser to maximise the energy 
transfer. The optimum performance and lowest unit power costs are realised by 
operating the electrolyser at the maximum power point of the PV panels. Clearly if 
optimal coupling can be achieved without the use of any intervening equipment such as 
a dc-to-dc converter and MPPT, the economic attractiveness of solar-hydrogen systems 
compared to alternatives will be enhanced, since the costs of the coupling electronics 
are avoided. 
 
In chapter 3, a matching technique for direct-coupling of the PV array with the 
electrolyser has been proposed in which the series-parallel configuration of individual 
cells in both the PV array and the electrolyser are varied so that the current (I)-voltage 
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(V) characteristic curve of the electrolyser and maximum power point (MPP) line of the 
PV array align as closely as possible. With these changes in the stacking configuration 
of both the PV array and the PEM electrolyser, it is possible in principle to achieve a 
close correspondence between the maximum power point line of the PV array and the 
characteristic I-V curve of the electrolyser. The theoretical investigation conducted 
(chapter 3, subsection 3.4.2) suggested that, for a direct-coupled PV-electrolyser system 
with the electrolyser operating line passing through the MPP of the PV output, a small 
decrease or increase in the number of PEM cells in series results in less hydrogen power 
production. Hence so far as the number of series cells in the electrolyser is concerned, 
operating at the MPP is also near optimal for hydrogen production. This analysis also 
indicated that in order to increase the rate of hydrogen production from that achievable 
with direct coupling and operating at the MPP of the PV array, it was necessary to add 
an entire additional branch of electrolyser cells. But this leads to an increase in the 
capital cost of the system, and generally the electrolyser bank would be operating at 
significantly less than its full capacity. Thus this option would in general not be 
economically attractive. 
  
This matching procedure has been applied to a case study of a direct-coupled PV-
electrolyser system. Different series-parallel combinations of the particular PV module 
(BP 275) and electrolyser stack (StaXX7) were investigated (chapter 3, sections 3.6 and 
3.7). The optimum combination in terms of annual energy transfer  as well as hydrogen 
production identified for the particular PV module and electrolyser stack coupling 
combinations investigated was four PV modules connected in series (giving 300 W in 
total) directly coupled to five electrolyser stacks in series (that is, 250 W in total). The 
amount of overall energy loss over the year compared to the maximum power point 
condition was only 5.3%, and the calculated annual hydrogen production was 7 750 g, 
with the overall annual solar-to-hydrogen energy conversion efficiency being 8.2% 
(Table 3.10 and Table 3.11). Hence the resulting energy transfer compared very 
favourably with electronic MPPT systems, which typically have energy losses 
compared to the maximum achievable of around 10% (de Cesare, Caputo & Nascetti 
2006). Keeping the PV combination the same (300 W in total), and adding another 
electrolyser stack in series (300 W in total) in the bank, led to a fall in the calculated 
annual hydrogen production to 4 591 g, and thus was not desirable. By adding another 
branch of five series-connected electrolyser stacks in parallel to the optimally identified 
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electrolyser combination (giving 500 W in total) and keeping the PV combination the 
same (300 W in total), it was found to be possible to operate the electrolyser even closer 
to the MPP line of the PV output. In this case, the overall annual loss of energy transfer 
was less than 2% (compared to perfect MPPT at all times), and the increase in annual 
hydrogen production was about 9%. However, these gains are at the expense of 
doubling the capital cost of the electrolysers, one of the most expensive components in a 
solar-hydrogen system, and consequently the option of adding another parallel branch 
would not be economic.  
 
A lifecycle economic assessment has been carried out to estimate the unit cost of 
hydrogen production for the same combinations of direct-coupling of PV modules 
(BP275) and electrolyser stacks (StaXX7) evaluated for energy transfer and hydrogen 
production in the case study (chapter 3, section 3.8). This assessment revealed that the 
configuration comprising four PV modules connected in series (4+ PV) coupled with 
the bank of five electrolyser stacks in series (5+ EL) yielded the lowest unit cost of 
hydrogen production for all the capital cost combinations of PV and electrolyser 
considered. However, this configuration was placed in third position among the full set 
of PV-electrolyser combinations studied in terms of energy transfer and hydrogen 
production.  The configuration comprising four series-connected PV modules (4+ PV) 
coupled with three parallel branches of five series-connected electrolysers stack (5+ EL 
║ 5+ EL ║ 5+ EL) was in first position in terms of highest energy transfer and 
hydrogen production, but only twelfth position in terms of lowest unit lifecycle cost of 
hydrogen production. This finding supports the earlier contention that adding additional 
parallel branches of electrolyser cells to the combination that closely matches the MPP 
curve of the PV array is generally not economically beneficial.   
 
Matching the maximum power point curve of the PV array output to the electrolyser 
characteristic over the operating ranges of both components is thus likely to provide a 
useful practical procedure to find the optimal combination in terms of unit lifecycle cost 
of hydrogen production. But once prospective combinations have been identified using 
the curve matching procedure, it will always be prudent to do a separate analysis of unit 
lifecycle costs to confirm the economically-optimal combination. 
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6.2.2 How Close Do the Theoretical and Experimental Results for Energy 
Transfer and Hydrogen Production Correspond for a Direct-Coupled PV-
PEM Electrolyser System? 
 
To investigate the degree of correspondence between the theoretical prediction of 
energy transfer and hydrogen production and experimental results, actual direct-
coupling experiments on two different PV-electrolyser systems were conducted over an 
extended period for the optimal combinations of PV array and electrolyser identified.  
 
The first experimental system comprised four BP 275 PV modules (300 W in total) 
connected in series directly coupled to five StaXX7 PEM electrolyser stacks (250 W in 
total) connected in series (4+ PV–5+ EL) over a period of one summer month (between 
December 2007 and January 2008). From the experimental data, the total study period 
for this direct-coupling experiment was around 728 hours, out of which the effective 
operating time of the electrolyser was about 467 hours after neglecting the hours of zero 
solar radiation data. Using the frequency distribution of solar radiation data during the 
direct-coupling experiment as input, the theoretical analysis for this particular series-
parallel stacking configuration of PV modules and electrolyser stacks predicted an 
energy transfer of 41.8 kWh (Table 4.20) in comparison to theoretical maximum 
available of 44.3 kWh from the PV array (section 3.6.1). Hence the theoretical analysis 
predicted that the energy transfer loss with direct coupling compared to the maximum 
achievable in this case would be 5.6%.  
 
It was found from the experimental data that actual energy delivered from the PV 
modules to the electrolysers was 39.8 kWh, a discrepancy of less than 5% between 
theoretical and experimental results over the study period. This close agreement 
between the theoretically-predicted and actual energy transfer from the PV modules to 
the electrolysers in this particular case provided initial confirmation of the practicality 
of coupling them directly without any intervening costly electronic equipment like 
MPPT/dc-to-dc converter. 
 
During the experimental period a total of 788.8 g of hydrogen was produced as 
compared to 797.8 g predicted theoretically using the procedure described in chapter 3 
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(section 3.7.1). Thus the difference between theoretical and experimental hydrogen 
production was less then 1.2% – that is, once again a close agreement. 
 
Although the differences between the theoretical and experimental results of energy 
transfer and hydrogen production were relatively small, contributing factors may have 
been the following: 
 Using an average solar irradiance for all irradiances that fall within each interval 
used in calculating the frequency distribution of solar radiation data. For 
example, any solar irradiance in the range 400-600 W/m2 was taken as 500 
W/m2 in the calculation 
 The assumption of constant energy transfer over each five-minute interval 
between successive data recording  
 A slight difference between the actual performance of the PV panels in the 
experiment, and the performance assumed in the model  
 The assumption of no degradation of the electrolyser performance for the 
theoretical calculation, and the operating line was constant during that 
experimental period. Performance degradation of the electrolyser is discussed in 
the next subsection. 
 
The second experimental PV-electrolyser system studied was a 2.4 kW roof-mounted 
PV array at RMIT University’s Bundoora East Campus directly coupled to a 2 kW PEM 
electrolyser developed by CSIRO Energy Technology. The PV array comprised thirty 
SX 80 polycrystalline solar panels (80 W each) as 15 pairs, with series connection 
within each pair, all connected in parallel. This array was coupled to the electrolyser 
stack comprising 13-cells in series with 100 cm2 active area per cell (from September 
2007 to January 2008). From the experimental data for this system the total direct-
coupled time was determined to be around 1 519 hours over 63 days, with the effective 
operating time being around 941 hours. 
 
Using solar irradiance frequency histogram for this experiment as input, the theoretical 
analysis with direct coupling of a 13-cell electrolyser stack to 15 pairs of PV modules in 
parallel yielded an energy transfer 12.4% lower than the maximum 613.9 kWh in 
principle achievable from the array. These transfer losses were greater than the 1% 
theoretically estimated for the more-optimal configuration of 16 cells in series 
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(subsection 5.4.8). However, for practical reasons the experiment was in this case 
conducted with the 13 cell configuration. For this configuration, it was predicted that 
537.8 kWh of energy would be available for conversion to hydrogen over the 941 hours 
of direct-coupling operation. The actual energy delivered to the electrolyser was 
measured to be 455.5 kWh (Table 5.9), a discrepancy between theoretical and 
experimental energy transfer of 15.3% of the total energy transferred over the period.  
 
At start of the direct-coupling experiment the average energy efficiency of the 
electrolyser was about 75%, as it had degraded during the BOP construction and 
commissioning phase from its initial efficiency of 91%. On the basis of the actual 
energy delivered (455.5 kWh) to the electrolyser during the experiment, at 75% energy 
efficiency the electrolyser should have produced around 8.6 kg of hydrogen. From the 
experimental data it was found that over the period a total of 15 537.3 Ah current was 
actually delivered to the electrolyser, which is equivalent to 7.5 kg of hydrogen 
production from the 13-cell electrolyser stack (subsection 5.3.3.3). 
 
The main reason for the differences between experimental and theoretical results was 
the lower than expected performance of the stack. In particular, one cell degraded 
prematurely and then showed a very high cell voltage, while it was assumed in the 
theoretical calculation that no degradation of the electrolyser had occurred. In the next 
section performance degradation of the electrolyser is discussed. Other factors as 
mentioned earlier for the first experiment are also likely to have contributed to the 
difference between the calculated and actual energy transfer and hydrogen production. 
 
6.2.3 How are the Electrolyser Performance and Durability Affected by the 
Intermittent Solar Power Input? 
 
Barbir (2005) reported that the changing PV power output may affect a PEM 
electrolyser’s hydrogen production rate and its lifetime. But to date the effects of 
intermittent power input from the PV array on the hydrogen production and durability 
of the directly-coupled electrolyser have been uncertain.  
 
To investigate further the degradation of electrolyser performance, the electrolysers in 
the first PV direct-coupling experiment conducted were characterised before and after 
Chapter 6: Conclusions and Recommendations 
 
196 
 
the month-long experiment. All five electrolyser stacks were characterised individually 
as well as all connected in series. From the individual characterisation, a small 
degradation in performance was detected, but not all the electrolyser stacks degraded to 
the same extent. Although the cut-in voltage of all the electrolysers was more or less the 
same before and after coupling, the applied voltage to produce a given current was 
consistently greater after the coupling experiment than before. For example, before the 
coupling experiment when all the electrolyser stacks were connected in series, 66.8 V 
was required to draw the rated 4 A current, while after coupling the maximum rated 
voltage of 70.0 V gave a current of only 3.7 A.  66.8 V gave ~3 A, a quite significant 
overall fall of 25% over the 467 hours of effective direct-coupling operation of the 
electrolysers (Figure 4.48 and Table 4.22). The mean values of Faraday efficiency and 
energy efficiency of the electrolysers all connected in series after coupling with the PV 
panels were found to be around 96.7% and 79.1% respectively, an average decline of 
1% point in Faraday efficiency and 4% points in energy efficiency. Electrolyser stack 4 
showed least performance degradation: before and after coupling the mean values of 
Faraday efficiency were found to be 97.5% and 96.8% respectively, an average fall of 
just 0.7% point; for energy efficiency the corresponding values were 81.4% before the 
experiment and 80.5% after, an average decline of only 0.9% point (Table A-10 and 
Table A-18). On the other hand, electrolyser stack 5 showed more significant 
degradation of performance after coupling in comparison to the other four stacks. For 
this case before and after coupling the mean values of Faraday efficiency were found to 
be 97.2% and 93.9%, an average fall of 3.3% points; the mean energy efficiency values 
before and after coupling were 81.5% and 75.2% respectively, an average decline of 
6.3% points (Table A-11 and Table A-19). However, the uncertainties in the measured 
Faraday efficiency and energy efficiency values were found potentially to be between 
±7% and ±8%, which are greater than the measured degradation. So, it cannot be 
claimed directly on the basis of these experiments that there has been a significant 
degradation in performance of the electrolysers. More precise experiments will be 
necessary to measure any change in performance with usage under direct coupling 
conditions.  
 
The electrolysers were directly-coupled to the PV array for an extended period of time 
(467 hours of actual operation) and during this time a wide-ranging level of solar 
radiation provided variable power input to the electrolysers. This fluctuating power 
Chapter 6: Conclusions and Recommendations 
 
197 
 
input to the electrolysers might have affected their performance. Further testing with 
constant power input, with the same total energy supply as transferred during the direct-
coupling experiment, is still required to establish the extent to which performance 
degradation was due to variable power input, rather than simply the duration of 
operating period. It is also important to note that the electrolyser stacks used in this 
experiment were small-scale units designed primarily for low-usage educational 
demonstrations. Hence future testing for degradation needs to be conducted on larger-
scale PEM electrolysers specifically designed for solar-hydrogen RAPS systems.  
 
Microscopic level analysis such as scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) techniques could also be usefully applied to 
investigate any changes in properties of the catalysts affecting their electroactivity at the 
electrode membrane interface, membrane degradation, and microstructural change in 
the membrane electrode assembly (MEA). As a result of time and resource limitations, 
these constant power input experiments and microscopic level analyses were not able to 
be conducted as part of the present project.     
 
In order to assess the degradation of the electrolyser performance in the second 
experiment, a linear regression analysis has been performed in conjunction with CSIRO 
Energy Technology on the actual current-voltage data obtained during the direct 
coupling experiment (Figure 5.17). It was found that the degradation in the 13-cell 
electrolyser stack resulted in a considerable shift of the actual operating line of the 
electrolyser in comparison to that assumed for the theoretical analysis. At the start of the 
direct-coupling experiment the energy efficiency of the electrolyser was about 75% and 
if this efficiency had been maintained the 455.5 kWh of energy delivered should 
produced 8.6 kg of hydrogen. But 7.5 kg of hydrogen was actually produced, which 
means the overall energy efficiency of the electrolyser was around 65% during the 
period of direct coupling operation, 10% points lower than that prior to the experiment 
(Clarke et al. 2009).  
 
The CSIRO electrolyser was directly-coupled to the PV array for an extended period of 
time (941 hours of actual operation). Hence as in the first experiment the fluctuating 
power input to the electrolyser may have adversely affected the electrolyser’s 
performance and lifetime. Once again, however, further testing is required to establish 
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the extent to which performance degradation is due the variability of the power input 
over and above degradation due to constant usage over time, and microscopic level 
analyses are also necessary. 
 
The lifetime of the electrolyser is a critical issue in a solar-hydrogen system. The 
lifecycle economic analysis of a direct-coupled PV-electrolyser system conducted in 
this project demonstrated that the effect of electrolyser capital cost variation on 
hydrogen production cost is more significant than that of the capital cost variation of the 
PV panels, based on the assumption that there is a replacement of the electrolyser stack 
at the end of year 10. So, it is a matter of concern if the variable power input from the 
renewable energy sources to the electrolyser accelerates performance degradation. 
Further work is thus needed to investigate ways to maintain the electrolyser’s 
performance over its lifetime in a solar-hydrogen system.     
 
6.2.4 How Would the Most Efficient PV-Electrolyser Matching Improve Triple 
Bottom Line Competitiveness of a Solar-Hydrogen RAPS System? 
 
6.2.4.1 Economic Benefits 
 
In a conventional solar-hydrogen system, a relatively expensive power controlling and 
voltage conversion device (MPPT/dc-to-dc converter) is necessary to couple the PV 
array and electrolyser, due to potential mismatch between the electrolyser load and PV 
array output.     
 
If solar-hydrogen systems can be designed by employing the techniques that have been 
proposed in this thesis for optimal direct coupling of the energy source to the 
electrolyser, potentially around US$700/kW of the system for electronic voltage 
conversion and maximum power point tracking system can be avoided (Khan & Iqbal 
2005). This reduction in capital cost will reduce the unit cost of hydrogen production 
around $1.3/kg, a reduction of between 3.5 and 6% by the solar-hydrogen system. 
However, as the capital costs of both PV arrays and PEM electrolysers fall below the 
ranges assumed in the analysis, as is very likely over the next ten years, the percentage 
reduction in unit costs by using direct-coupling will become much more significant. The 
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prospects of renewable-hydrogen systems becoming economically competitive in 
certain RAPS applications will thus be enhanced.      
 
Direct-coupled PV-electrolyser systems also have potential application for dedicated 
hydrogen production for hydrogen refuelling stations in vehicle applications, or 
domestic production of hydrogen to fuel a car, and for a variety of uses in the home, 
such as generating hot water, powering appliances and cooking (Bilgen 2004; Gibson & 
Kelly 2008; Jungmeier et al. 2008; Kelly, Gibson & Ouwerkerk 2008; Vidueira, 
Contreras & Veziroglu 2003).   
 
More generally, if cost-competitive direct-coupled solar-hydrogen systems can be 
developed, it will open up opportunities for further economic benefits through the 
growth of firms producing, commercialising and installing such systems in Australia 
and overseas. 
 
6.2.4.2 Environmental Benefits 
 
By widespread implementation of standalone solar-hydrogen systems in remote 
applications, a considerable amount of greenhouse gas emissions can be avoided. For 
example, throughout Australia total installed diesel generator capacity for RAPS in 
farms and remote communities is around 500 MW (Shanmugam et al. 2002). 
Doddathimmaiah  (2008) has estimated that total emissions from these conventional 
diesel based RAPS systems be in the order of 60 000 tonnes/y CO2-e. If diesel-operated 
RAPS systems can be replaced by solar-hydrogen systems a considerable proportion of 
these emissions can be avoided.  
 
Through using solar-hydrogen RAPS systems, remote households, communities, tourist 
operations and businesses will thus reduce their reliance on expensive diesel fuel and 
move towards a clean, renewable and sustainable energy system. 
 
6.2.4.3 Social Benefits 
 
At present both PV/wind, diesel and battery based RAPS systems have been used for 
many years and users are familiar with these options, whereas solar-hydrogen systems 
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are essentially at a pre-commercial stage of development. As a new technology, it will 
be important for the manufacturers, sellers and installers of solar-hydrogen based RAPS 
systems to build-up confidence and trust in these systems with potential users. The 
smooth acceptance of solar-hydrogen systems by users will depend on many factors 
such as user education about the new system, establishing reliability and simplicity of 
system operation and design, and most importantly setting up appropriate safety 
procedures and standards. Added safety precautions will be required since hydrogen gas 
is highly flammable, and hydrogen storages will need to be able to withstand extreme 
weather conditions such as lightning strikes and bushfires, which are very common in 
Australia’s geography and climate conditions. Direct-coupled solar-hydrogen systems 
have the potential to assist in the satisfaction of some of these requirements due the 
simplification of system design and savings in electronic devices they can provide.  
 
Key social issues associated with the commercial deployment of solar-hydrogen 
technologies are thus gaining user acceptability and confidence in the safety of such 
systems. If these barriers are sorted out successfully, this technology has the potential to 
reduce Australia's total dependence on conventional fossil fuels and enhance national 
energy security. There can also be substantial employment benefits associate with the 
design, manufacture and commercial deployment of solar-hydrogen systems. The use of 
such systems can further provide cheaper and reliable energy to remote communities, 
including indigenous communities in Australia and rural communities in developing 
countries that are not served by the main electricity grids. 
 
6.3 CONCLUSIONS 
 
The main aim of the present research project has been to quantify the degree to which 
the energy transfer between a directly-coupled PV array and PEM electrolyser, and 
hence the associated hydrogen production, can be maximised by optimally matching the 
characteristics of the two components. It has been found that effective direct-coupling in 
this manner has the potential to improve the overall economic performance of solar-
hydrogen RAPS systems. The theoretical and experimental work conducted helps 
improve understanding of PEM electrolyser performance when subjected to the variable 
power input from the PV array, and thus contributes to the development of improved 
and more cost-competitive solar-hydrogen systems.  
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The review of previous work on solar-hydrogen systems for remote power supply 
provided in chapter 2 found a few earlier studies reported in the literature on the 
possibility of direct coupling of a PV array with the electrolyser. However, little if any 
work had been done to quantify the degree to which optimal matching can be achieved 
by direct coupling, or to test optimal direct-coupling experimentally for an extended 
period. The present work has sought to address these hitherto unanswered questions. 
The potential advantages and applications of direct-coupling of a PV array to a PEM 
electrolyser in a solar-hydrogen system were thus discussed in chapter 2.  
 
A detailed theoretical analysis of a direct-coupled PV array and PEM electrolyser with 
the aim of establishing the conditions required for optimal matching in terms of energy 
transfer and hydrogen production was presented in chapter 3. A procedure for matching 
the maximum power point curve of the PV array with the load curve of a PEM 
electrolyser to maximise the energy transfer between them, and also production of 
hydrogen at minimum cost, has been developed. The key element of the matching 
strategy is to vary the series-parallel configurations of individual PV modules, and 
individual PEM electrolyser cells (or small stacks), that gives the closest possible 
matching between the resulting MPP curve of the PV array, and the characteristic I-V 
curve of the electrolyser bank.  
 
The theoretical analysis has been applied in chapter 3 to a case study of a particular 
direct-coupled PV-electrolyser system based on BP 275 PV modules and h-tec StaXX7 
electrolyser stacks. Total 23 different series-parallel combinations of the PV modules 
and electrolyser stacks are analysed, and the optimum combination in terms of annual 
energy transfer as well as hydrogen production is identified. This combination employs 
four PV modules connected in series (giving 300 W in total) directly-coupled to five 
electrolyser stacks in series (that is, 250 W in total). From the lifecycle analysis for 
estimating the unit cost of hydrogen production from different-PV electrolyser 
combinations, the same PV-electrolyser combination yielded the lowest unit cost of 
hydrogen production for all the capital cost combinations of PV and electrolyser 
considered. 
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For the economically optimal combination (4+ PV–5+ EL), the minimum cost of 
hydrogen production was found to be about $22/kg, when PV and electrolyser capital 
costs are $8 000/kW and $1 500/kW respectively. This unit cost rises to around $38/kg, 
when the assumed capital costs of PV and electrolyser are $10 000/kW and $5 500/kW 
respectively. The analysis revealed that for a solar-hydrogen system, the effect of 
electrolyser capital cost variation on hydrogen production cost is more significant than 
that of the capital cost variation of the PV modules, as there is a large range of 
electrolyser capital costs assumed, in comparison to the PV capital cost range, and the 
assumption of replacement of the electrolyser stack at the end of year 10. Hence, 
electrolyser lifetime is a critical issue in a solar-hydrogen system.   
 
The theoretical approach and associated computer simulation model for optimal direct-
coupling of a PV array and a PEM electrolyser bank described in chapter 3 promises to 
be a useful tool in designing a solar-hydrogen system. However, the present model 
should be extended to get a more accurate simulated current-voltage characteristic curve 
of the PV module taking into account series and parallel resistance of the PV cells, and 
the ambient temperature at different solar irradiance values. In this model experimental 
current-voltage characteristic of PEM electrolyser is used for estimation of energy 
transfer and hydrogen production. Further development of the model is also necessary 
in the future, to get and incorporate theoretical current-voltage characteristic curve of 
the PEM electrolyser. Automation of this Excel spreadsheet model should be done by 
incorporating Visual basic programming, or by the Matlab-Simulink programming as an 
alternative to get the simulation result faster.   
 
In chapter 4, the design and construction of an experimental direct-coupled PV-
electrolyser system have been described. The hydrogen experimental cabinet and the 
extraction interlock system that have been designed and implemented for conducting 
fail safe experiments can be used for other different hydrogen related experiments. The 
theoretical predictions of potential energy transfer and hydrogen production using the 
procedure established in chapter 3 were tested by conducting an experiment between 
December 2007 and January 2008, to measure the actual energy transfer and hydrogen 
production for the optimal combination of PV modules and electrolyser stacks 
identified. Total direct-coupling time was around 728 hours, out of which effective 
direct-coupling operation time of the electrolysers were about 467 hours (omitting the 
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hours of zero solar radiation). Four BP 275 PV modules connected in series (300 W in 
total) were directly coupled to five StaXX7 PEM electrolyser stacks (250 W in total) 
connected in series.   
 
Close agreement between the theoretically predicted and actual energy transfer from the 
PV array to the electrolyser bank in this trial was found. Experimental results showed 
that a discrepancy of less than 5% compared to the theoretically predicted energy 
transfer over the study period. Experimental total hydrogen production over this 
experimental period was 788.8 gm, in comparison to 797.8 gm predicted theoretically. 
Thus the difference between theoretical and experimental hydrogen production was less 
then 1.2%, and the overall solar-to-hydrogen energy conversion efficiency was found to 
be 7.8%. This close agreement between the theoretically predicted and actual energy 
transfer from the PV array to the electrolysers and hydrogen production provides initial 
support for the option of coupling these two components directly without any 
intervening costly electronic equipment like MPPT/dc-to-dc converter. Although the 
difference between the theoretical and experimental results of energy transfer and 
hydrogen production was relatively small, possible reasons for the remaining difference 
were identified and discussed. 
 
Over this extended period of direct-coupling, the electrolyser current tracked the 
changes in solar radiation very closely, indicating a relatively rapid response to these 
changes and reliable operation. Electrolyser performance degradation over the period 
was also investigated, and an average decline of 1% point in Faraday efficiency and 4% 
points in energy efficiency was found over the one-month period of the experiment. 
However, the estimated error range was more than the reduction in Faraday efficiency, 
and for the energy efficiency this difference was marginal.  
 
The theoretical analysis and experimental investigation of the direct coupling of a 
larger-scale PV-electrolyser system, namely a 2.4 kW roof-mounted PV array at RMIT 
University’s Bundoora East Campus, to a 2 kW PEM electrolyser developed by CSIRO 
Energy Technology, were presented in chapter 5. This work has been conducted as a 
collaborative project between RMIT University Energy CARE group and CSIRO 
Energy Technology. For the direct-coupling experimental program with the PV array, 
the CSIRO PEM electrolyser stack used had 13 cells in series with active area 100 cm2 
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active area per cell. The number of cells in the electrolyser stack employed was fewer 
than the 16 series cells that were theoretically predicted to be the optimum 
configuration. This second direct coupling experiment was conducted for 1 519 hours, 
with an effective operational time of 941 hours over the 4-month period from 
September 2007 to January 2008. 
 
The PEM electrolyser employed for this trial responded rapidly to load variations 
during the day caused by variations in solar radiation, and was able to cope 
satisfactorily with large temperature changes (from 20 to 40oC), cloudy and rainy 
conditions, auto shut-down at night and start-up in the morning over a period of four 
months. A total of 455.5 kWh of electrical energy was actually delivered from the PV 
array to the electrolyser during the experimental period and 7.5 kg (~91 standard m3) of 
hydrogen was produced. These results compared with the theoretically predicted energy 
transfer of 537.8 kWh, a discrepancy between theoretical and experimental energy 
transfer of about 15.3% of the total energy transferred over the period. The experimental 
results showed that the average energy efficiency of the electrolyser stack fell during the 
four month-long experiment from 75% to 65%. From the experimental solar radiation 
data, with the 6 316.3 kWh of total solar energy input, the overall solar-to-hydrogen 
energy conversion efficiency was found to be around 4.7%.    
 
There are several possible causes for the observed degradation in performance of the 
electrolyser stack. The electrolyser was directly-coupled to the PV array for an extended 
period of time (941 hours of actual operation) and during this time a wide-ranging level 
of solar radiation provided vastly variable power input to the electrolyser. This 
fluctuating power input to the electrolyser may thus have adversely affected its 
performance and lifetime. Further testing is required to establish the extent to which 
performance degradation is due the variability of the power input over and above 
degradation due to constant usage over time. The main causes as suggested by the 
CSIRO Energy Technology, in general, for electrolyser degradation are poor stack 
assembly, mechanical damage in the PEM like pin holes in the membrane, delaminating 
or de-bonding at the membrane/electrode interface, loss of conductivity of the 
membrane due to leaching out of fluoride/sulphonic acid groups and contamination by 
other metallic ions, change in properties of the catalyst affecting its electroactivity at the 
interface, and increase in the contact resistance between the electrode supports and the 
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interconnect plate due to interconnect surface oxidation (Giddey et al. 2008; Stucki et 
al. 1998; Xie et al. 2005). However, modification to the stack design and materials are 
likely to reduce this degradation significantly and enhance energy transfer between a 
directly-coupled PV array and the electrolyser, and hydrogen production over an 
extended period of operation. 
 
The theoretical and experimental analysis conducted in the present project has focused 
exclusively on with the solar-hydrogen system configuration in which all the PV array 
output at all times is fed to the electrolyser to produce hydrogen, and the fuel cell is 
used to meet all the final demand. This system configuration has been chosen due to its 
simplicity of design and operation, and hence amenability for studying both 
theoretically and experimentally. Looking at this simplified case first provides a helpful 
stepping stone towards the more complex (and technically preferable) case of load 
splitting, wherein only the surplus PV power over load is fed to the electrolyser for 
hydrogen production. So, further theoretical and experimental studies on optimal direct 
coupling of the PV array and electrolyser system in this latter system configuration are 
also required in the future. 
 
6.4 RECOMMENDATIONS 
 
On the basis of all the theoretical and experimental work conducted for this thesis, the 
following recommendations are made regarding further research and development on 
solar-hydrogen systems and the option of direct-coupled PV-electrolyser systems in 
RAPS and other applications.   
 
The present model for optimal direct-coupling of a PV array and a PEM electrolyser 
bank described in this thesis should be extended by conducting: 
 Detailed modelling of PV modules taking into account series and parallel 
resistance of the PV cells, and the ambient temperature at different solar 
irradiance values to a get more accurate simulated current-voltage characteristic 
curves  
 Modelling of the PEM electrolyser to get theoretical current-voltage 
characteristic curves and incorporating these in the overall model for estimation 
of energy transfer and hydrogen production  
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 Theoretical analysis of energy transfer by considering solar irradiance intervals 
of 100 W/m2 instead of 200 W/m2 in the frequency distribution of solar radiation 
data, and hence compare with the experimental results. 
 Automation of the existing Excel spreadsheet model by incorporating Visual 
Basic programming, or by using Matlab-Simulink as an alternative, to get the 
simulation results without so much manual calculation and hence much faster.  
 
Further experimental investigations into long-term performance degradation of PEM 
electrolysers should be carried out:    
 Under direct-coupling with a PV array, and under constant power input with the 
same total energy supply as transferred during the direct coupling experiment, to 
find out the extent to which performance degradation is due to the variable 
power input, rather than simply duration or quantity of the input 
 On larger-scale PEM electrolysers specifically designed for solar-hydrogen 
RAPS systems 
 At the microscopic level by applying scanning electron microscopy and 
transmission electron microscopy techniques to investigate any changes in 
properties of the catalysts affecting their electroactivity at the electrode 
membrane interface, membrane degradation, and microstructural change in the 
membrane electrode assembly.   
 
Based on these investigations, modifications to the electrolyser stack design and 
materials should be made to reduce the degradation significantly and enhance energy 
and hydrogen production over an extended period of operation. 
 
Further theoretical analysis should cover: 
 Extension of the direct-coupling procedure and model described in this thesis to 
cover load splitting and matching the surplus output of the PV array with the 
electrolyser without any voltage conversion device.  
 Development of a model for optimisation and component sizing of solar-
hydrogen RAPS systems employing direct coupling.   
 
Further experimental studies on optimal direct-coupling of the PV array and electrolyser 
system in this load-splitting system configuration should also be conducted in the 
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future, including design and construction of a suitable load splitter and control system 
that is able to split the available PV energy to meet the load directly and divert surplus 
output to the electrolyser, and switch the fuel cell on and off over short intervals as 
required 
 
A complete demonstration of a solar-hydrogen system employing direct-coupling of in 
PV-electrolyser subsystem, together with a suitable load splitter and control, should be 
designed and constructed, and its performance evaluated over an extended period. 
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APPENDICES 
 
Appendix 1: Data Tables 
 
Solar radiation, 
G (W/m2) 
Ambient 
temperature, Ta (oC) 
PV temperature, 
T (oC) 
Current, 
I (A) 
Voltage, V 
(Volt)  
 Power, P 
(W) 
Efficiency, 
ηPV (%) 
858 9.5 39.6 0 20.1 0.00 0.00 
858 9.8 40.0 0.05 20.02 1.00 0.21 
860 10.0 39.9 0.1 19.97 2.00 0.41 
861 10.0 40.0 0.15 19.91 2.99 0.62 
860 10.3 39.6 0.2 19.84 3.97 0.82 
860 10.3 39.5 0.29 19.77 5.73 1.19 
859 9.6 39.8 0.47 19.61 9.22 1.91 
848 9.6 38.9 0.61 19.47 11.88 2.49 
853 9.6 39.0 0.71 19.4 13.77 2.87 
853 9.7 38.6 0.84 19.25 16.17 3.37 
841 9.5 38.0 1.18 18.87 22.27 4.71 
847 9.8 39.1 1.32 18.75 24.75 5.19 
857 9.7 39.4 1.44 18.67 26.88 5.58 
866 9.6 39.4 1.84 18.21 33.51 6.88 
864 9.9 39.7 2 18.02 36.04 7.42 
865 10.0 39.5 2.25 17.69 39.80 8.18 
867 10.0 39.5 3.25 16.13 52.42 10.75 
865 10.2 39.3 3.35 15.88 53.20 10.93 
864 10.1 39.1 3.48 15.66 54.50 11.21 
859 9.9 39.9 3.65 15.11 55.15 11.41 
863 9.8 39.5 3.78 14.44 54.58 11.24 
865 9.8 39.9 3.91 13.18 51.53 10.59 
867 9.7 40.5 4.01 9.94 39.86 8.17 
868 9.7 41.1 4.04 7.35 29.69 6.08 
868 10.0 41.0 4.06 4.27 17.34 3.55 
870 10.1 41.5 4.08 3.43 13.99 2.86 
868 9.9 40.8 4.1 1.92 7.87 1.61 
871 10.1 40.9 4.13 1.32 5.45 1.11 
871 10.1 40.5 4.16 1.07 4.45 0.91 
873 10.3 41.2 4.19 0.57 2.39 0.49 
871 10.2 41.3 4.21 0.29 1.22 0.25 
 
Table A-1: Experimental characteristic values of PV module 2  
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Solar radiation, 
G (W/m2) 
Ambient 
temperature, Ta (oC) 
PV temperature, 
T (oC) 
Current, 
I (A) 
Voltage, 
V (Volt)  
 Power, P 
(W) 
Efficiency, 
ηPV (%) 
873 10.3 40.9 4.24 0.29 1.23 0.25 
875 10.2 40.4 4.22 0.55 2.32 0.47 
874 10.1 40.4 4.21 0.7 2.95 0.60 
874 10.3 40.3 4.19 0.9 3.77 0.77 
875 10.3 40.4 4.16 1.25 5.20 1.06 
878 10.1 40.6 4.14 1.86 7.70 1.56 
878 10.0 40.6 4.13 2.38 9.83 1.99 
881 9.9 40.4 4.13 4.16 17.18 3.47 
881 10.0 40.9 4.11 7.5 30.83 6.22 
882 10.0 40.9 4.08 9.9 40.39 8.14 
882 10.1 40.6 3.94 13.89 54.73 11.03 
881 10.0 40.9 3.75 14.82 55.58 11.21 
880 9.9 40.2 3.47 15.52 53.85 10.88 
875 9.9 40.0 3.35 15.81 52.96 10.76 
860 10.1 40.6 3.19 15.99 51.01 10.54 
873 10.3 41.1 2.85 16.7 47.60 9.69 
870 10.3 41.9 2.14 17.61 37.69 7.70 
876 10.4 42.2 1.98 17.87 35.38 7.18 
863 11.1 43.2 1.47 18.35 26.97 5.56 
857 11.1 43.4 1.42 18.39 26.11 5.42 
857 10.9 43.7 1.34 18.46 24.74 5.13 
874 11.1 43.9 1.26 18.56 23.39 4.76 
875 10.9 44.0 1.18 18.62 21.97 4.46 
876 10.6 44.6 0.96 18.83 18.08 3.67 
882 10.8 44.7 0.79 19 15.01 3.03 
881 10.1 44.8 0.7 19.06 13.34 2.69 
882 11.0 45.1 0.57 19.17 10.93 2.20 
883 10.9 45.2 0.39 19.35 7.55 1.52 
880 11.1 45.1 0.21 19.49 4.09 0.83 
881 10.9 44.8 0.1 19.6 1.96 0.40 
881 10.8 43.6 0.05 19.69 0.98 0.20 
883 10.1 41.8 0.01 19.77 0.20 0.04 
883 10.5 42.8 0 19.83 0.00 0.00 
 
Table A-2: Experimental characteristic values of PV module 3  
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Solar radiation, 
G (W/m2) 
Ambient 
temperature, Ta (oC) 
PV temperature, 
T (oC) 
Current, 
I (A) 
Voltage, 
V (Volt)  
 Power, P 
(W) 
Efficiency, 
ηPV (%) 
879 10.5 43.1 0 19.8 0.00 0.00 
885 10.5 43.2 0.02 19.7 0.39 0.08 
882 10.7 43.4 0.06 19.61 1.18 0.24 
886 10.6 43.5 0.1 19.55 1.96 0.39 
884 10.7 42.8 0.13 19.51 2.54 0.51 
879 10.5 42.9 0.15 19.48 2.92 0.59 
880 10.7 42.8 0.21 19.43 4.08 0.82 
870 10.7 42.7 0.27 19.37 5.23 1.07 
883 10.7 43.0 0.36 19.27 6.94 1.40 
883 10.9 43.1 0.46 19.16 8.81 1.77 
885 11.2 43.5 0.56 19.05 10.67 2.14 
886 11.1 43.6 0.66 18.95 12.51 2.51 
887 11.1 44.1 0.77 18.84 14.51 2.91 
887 11.2 44.5 0.89 18.74 16.68 3.34 
888 10.9 44.2 1.03 18.6 19.16 3.84 
888 10.8 43.9 1.23 18.39 22.62 4.53 
887 10.9 43.7 1.32 18.3 24.16 4.84 
885 10.9 43.9 1.43 18.17 25.98 5.22 
887 10.5 43.5 1.53 18.06 27.63 5.54 
887 10.6 43.7 1.71 17.87 30.56 6.12 
888 10.6 43.3 1.85 17.72 32.78 6.56 
882 10.4 43.4 2.01 17.53 35.24 7.10 
880 10.6 43.7 2.29 17.17 39.32 7.94 
876 11.0 43.9 2.41 17.01 40.99 8.32 
875 11.0 44.0 2.61 16.73 43.67 8.87 
872 11.0 44.3 2.83 16.39 46.38 9.46 
874 11.0 44.6 2.96 16.16 47.83 9.73 
870 10.8 44.4 3.14 15.82 49.67 10.15 
870 10.8 44.7 3.41 15.43 52.62 10.75 
873 10.8 45.0 3.67 14.92 54.76 11.15 
880 10.8 45.1 3.83 14.55 55.73 11.26 
883 11.2 46.7 3.97 13.94 55.34 11.14 
884 11.0 46.4 4.03 13.57 54.69 11.00 
883 11.2 45.0 4.08 12.63 51.53 10.37 
880 11.0 45.0 4.09 10.9 44.58 9.01 
881 11.1 45.0 4.1 9.4 38.54 7.78 
882 11.1 45.1 4.11 7.2 29.59 5.96 
882 11.2 44.9 4.14 5.82 24.09 4.86 
879 11.0 45.6 4.15 4.63 19.21 3.89 
878 11.1 45.7 4.17 3.64 15.18 3.07 
878 11.4 45.8 4.19 1.71 7.16 1.45 
877 11.4 45.9 4.2 1.05 4.41 0.89 
881 11.0 45.7 4.22 0.8 3.38 0.68 
879 11.1 45.9 4.24 0.53 2.25 0.45 
880 11.8 46.4 4.26 0.29 1.24 0.25 
 
Table A-3: Experimental characteristic values of PV module 4  
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Ambient 
temperature, Ta (oC) 
Ambient 
pressure, Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
25.1 100.40 24.3 4.63 0 
24.9 100.40 24.3 6.04 0 
24.8 100.39 24.3 6.71 0 
24.8 100.40 24.4 6.93 0 
25.3 100.40 24.4 7.58 0 
25.5 100.40 24.4 8.15 0 
25.4 100.40 24.4 8.79 0 
25.6 100.40 24.4 9.06 0 
25.8 100.40 24.4 9.54 0 
25.2 100.40 24.4 9.77 0 
25.0 100.40 24.4 9.96 0 
25.4 100.40 24.4 10.14 0.01 
25.2 100.40 24.4 10.33 0.05 
25.6 100.40 24.4 10.46 0.1 
25.6 100.40 24.5 10.61 0.2 
25.6 100.40 24.5 10.77 0.32 
25.3 100.40 24.5 11.07 0.61 
25.3 100.40 24.5 11.26 0.81 
25.3 100.40 24.6 11.37 0.94 
25.4 100.40 24.5 11.43 1.01 
25.5 100.40 24.6 11.53 1.13 
25.4 100.40 24.5 11.66 1.29 
25.5 100.40 24.6 11.79 1.45 
25.3 100.40 24.6 11.91 1.61 
25.4 100.41 24.6 12.06 1.79 
25.1 100.40 24.7 12.18 1.95 
25.2 100.40 24.7 12.37 2.22 
24.4 100.40 24.7 12.55 2.46 
25.3 100.40 24.8 12.63 2.58 
25.3 100.40 24.9 12.93 2.98 
25.6 100.40 24.8 13.07 3.27 
25.6 100.40 24.9 13.26 3.63 
25.8 100.41 24.9 13.33 3.75 
25.6 100.41 25.0 13.41 3.89 
25.6 100.41 25.1 13.43 3.95 
25.2 100.41 25.1 13.44 3.99 
 
Table A-4: Experimental current-voltage characteristic values of electrolyser stack 2 before 
coupling 
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Ambient 
temperature, Ta (oC) 
Ambient 
pressure, Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
25.1 100.47 24.6 2.63 0 
25.0 100.47 24.9 4.91 0 
25.0 100.46 24.8 6.53 0 
25.0 100.47 24.7 8.01 0 
25.0 100.47 24.7 9.03 0 
25.1 100.46 24.7 9.41 0 
25.1 100.46 24.5 9.67 0 
24.8 100.46 24.7 9.91 0 
24.8 100.46 24.9 10.01 0 
25.0 100.46 24.5 10.15 0.03 
24.7 100.46 24.2 10.35 0.11 
24.7 100.46 24.5 10.49 0.2 
24.8 100.46 24.3 10.64 0.33 
24.6 100.47 24.3 10.79 0.49 
24.9 100.47 24.4 10.98 0.7 
24.8 100.46 24.3 11.08 0.83 
24.7 100.46 24.3 11.19 0.96 
24.6 100.46 24.4 11.26 1.05 
24.6 100.46 24.4 11.33 1.14 
24.6 100.46 24.3 11.43 1.28 
24.6 100.46 24.3 11.54 1.42 
24.6 100.46 24.3 11.62 1.53 
24.8 100.45 24.3 11.67 1.61 
24.8 100.46 24.2 11.8 1.78 
24.8 100.46 24.3 11.86 1.88 
24.8 100.46 24.2 11.92 1.97 
24.8 100.46 24.2 12.04 2.15 
25.0 100.46 24.3 12.11 2.25 
25.0 100.46 24.2 12.20 2.38 
25.4 100.47 24.3 12.30 2.54 
25.4 100.47 24.2 12.40 2.7 
25.5 100.47 24.3 12.50 2.85 
25.6 100.47 24.2 12.56 2.95 
25.7 100.47 24.1 12.64 3.09 
25.2 100.47 24.1 12.71 3.2 
25.2 100.48 24.1 12.84 3.4 
25.5 100.48 24.2 12.97 3.62 
25.7 100.48 24.1 13.09 3.8 
25.5 100.48 24.0 13.12 3.87 
25.2 100.49 24.0 13.16 3.95 
25.1 100.49 24.2 13.19 4 
 
Table A-5: Experimental current-voltage characteristic values of electrolyser stack 3 before 
coupling 
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Ambient 
temperature, Ta (oC) 
Ambient pressure, 
Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
24.7 100.31 23.9 3.55 0 
24.8 100.31 23.9 4.31 0 
24.5 100.30 23.9 5.50 0 
24.8 100.30 23.9 6.81 0 
25.0 100.30 24.1 8.22 0 
24.9 100.30 24.0 9.26 0 
25.2 100.30 24.0 9.92 0 
25.4 100.30 24.0 10.12 0.01 
25.2 100.29 24.2 10.24 0.03 
25.2 100.29 24.3 10.47 0.12 
25.3 100.28 24.3 10.61 0.22 
26.2 100.28 24.4 10.76 0.37 
26.3 100.28 24.5 10.98 0.64 
25.6 100.28 24.5 11.24 0.95 
25.9 100.27 24.6 11.43 1.19 
25.7 100.27 24.6 11.52 1.29 
25.7 100.27 24.7 11.69 1.52 
26.0 100.26 24.7 11.76 1.62 
26.0 100.26 24.8 11.86 1.75 
26.3 100.26 24.8 11.95 1.87 
25.8 100.26 24.9 12.07 2.06 
26.0 100.25 24.9 12.15 2.18 
26.1 100.25 24.9 12.22 2.29 
26.2 100.25 25.0 12.29 2.41 
26.0 100.25 25.0 12.46 2.67 
26.7 100.24 25.1 12.61 2.92 
26.2 100.24 25.1 12.79 3.21 
26.8 100.24 25.2 12.91 3.44 
26.8 100.24 25.3 13.04 3.65 
26.5 100.24 25.3 13.13 3.82 
27.1 100.24 25.4 13.21 3.95 
26.7 100.24 25.5 13.23 4 
 
Table A-6: Experimental current-voltage characteristic values of electrolyser stack 4 before 
coupling 
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Ambient 
temperature, Ta (oC) 
Ambient pressure, 
Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
28.2 100.14 27.6 3.35 0 
28.3 100.11 27.6 5.08 0 
28.4 100.11 27.5 6.55 0 
28.7 100.11 27.6 7.85 0 
29.0 100.11 27.6 9.04 0 
29.1 100.10 27.6 9.67 0 
29.1 100.09 27.7 9.93 0 
29.3 100.09 27.7 10.04 0 
28.9 100.08 27.7 10.16 0.02 
29.0 100.08 27.8 10.24 0.04 
29.1 100.08 27.8 10.35 0.08 
28.9 100.08 27.8 10.44 0.13 
29.0 100.06 27.9 10.71 0.3 
29.1 100.06 27.9 10.84 0.43 
29.2 100.06 28.0 10.95 0.54 
28.8 100.06 28.0 11.14 0.76 
29.0 100.05 28.0 11.26 0.91 
29.5 100.05 28.0 11.40 1.1 
29.5 100.05 28.1 11.48 1.21 
29.1 100.04 28.2 11.61 1.38 
29.6 100.04 28.2 11.71 1.52 
29.9 100.04 28.3 11.78 1.63 
29.9 100.04 28.3 11.89 1.79 
29.6 100.04 28.4 12.03 1.99 
29.7 100.03 28.4 12.14 2.17 
29.9 100.02 28.5 12.23 2.3 
29.9 100.02 28.5 12.35 2.49 
29.8 100.02 28.6 12.49 2.71 
29.9 100.02 28.6 12.56 2.83 
29.7 100.02 28.7 12.66 2.99 
29.7 100.02 28.7 12.78 3.18 
29.4 100.02 28.9 12.90 3.39 
29.7 100.02 28.9 12.98 3.53 
29.6 100.01 28.9 13.08 3.68 
29.8 100.01 28.9 13.17 3.83 
29.6 100.00 29.0 13.21 3.9 
30.1 100.00 29.0 13.24 3.95 
29.7 100.00 29.1 13.27 4 
 
Table A-7: Experimental current-voltage characteristic values of electrolyser stack 5 before 
coupling 
 
Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, Pa 
(kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, V 
(Volt)  
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production rate, 
(g/min)    
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
25.6 100.41 25.3 13.43 3.99 0.0170 0.0174 97.7 75.6 
25.7 100.41 25.3 13.04 3.46 0.0147 0.0151 97.4 77.6 
25.6 100.41 25.4 12.7 2.96 0.0125 0.0129 96.9 79.2 
25.6 100.42 25.4 12.5 2.66 0.0112 0.0116 96.6 80.2 
25.5 100.41 25.4 12.1 2.07 0.0086 0.0090 95.6 81.8 
25.9 100.42 25.5 11.63 1.42 0.0057 0.0062 91.9 82.2 
 
Table A-8: Experimental Faraday efficiency and energy efficiency of the electrolyser stack 2 
before coupling with PV  
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Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, Pa 
(kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, V 
(Volt)  
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production rate, 
(g/min)    
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
25.3 100.49 24.6 13.19 4 0.0171 0.0174 98.3 77.2 
25.7 100.50 24.6 12.85 3.48 0.0148 0.0151 98.0 78.8 
25.6 100.50 24.6 12.51 2.96 0.0124 0.0129 96.1 79.8 
25.7 100.50 24.5 12.28 2.59 0.0109 0.0113 96.5 81.6 
25.9 100.52 24.7 11.89 2.01 0.0083 0.0087 95.4 82.7 
25.9 100.50 24.8 11.57 1.54 0.0062 0.0067 92.5 82.9 
 
Table A-9: Experimental Faraday efficiency and energy efficiency of the electrolyser stack 3 
before coupling with PV  
 
Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, Pa 
(kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, V 
(Volt)  
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production rate, 
(g/min)    
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
26.7 100.23 25.5 13.22 4 0.0171 0.0174 98.3 77.0 
26.8 100.22 25.6 12.89 3.47 0.0148 0.0151 98.0 78.8 
26.7 100.22 25.7 12.64 3.06 0.0131 0.0133 98.5 80.7 
26.6 100.22 25.8 12.49 2.82 0.0120 0.0123 97.6 81.2 
27.1 100.22 25.9 12.18 2.33 0.0098 0.0101 97.0 82.3 
27.1 100.21 26.0 11.91 1.91 0.0080 0.0083 96.4 83.8 
27.4 100.21 26.1 11.59 1.43 0.0060 0.0062 96.8 86.2 
 
Table A-10: Experimental Faraday efficiency and energy efficiency of the electrolyser stack 4 
before coupling with PV  
 
Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, Pa 
(kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, V 
(Volt)  
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production rate, 
(g/min)    
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
30.0 100.02 29.1 13.27 4 0.0172 0.0174 98.9 77.2 
30.2 100.02 29.5 12.97 3.54 0.0152 0.0154 98.7 78.9 
30.2 100.02 29.3 12.68 3.07 0.0131 0.0134 97.8 80.2 
30.2 100.01 29.3 12.52 2.82 0.0120 0.0123 97.6 81.0 
30.1 100.00 29.3 12.27 2.43 0.0103 0.0106 97.2 82.3 
30.3 100.00 29.3 12.03 2.06 0.0087 0.0090 96.7 83.6 
30.2 100.00 29.3 11.83 1.76 0.0074 0.0077 96.1 84.7 
30.4 100.01 29.4 11.58 1.41 0.0058 0.0061 95.1 84.6 
 
Table A-11: Experimental Faraday efficiency and energy efficiency of the electrolyser stack 5 
before coupling with PV  
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Ambient 
temperature, Ta (oC) 
Ambient 
pressure, Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
26.9 100.51 25.3 4.51 0 
26.8 100.51 25.3 5.91 0 
26.6 100.51 25.3 6.66 0 
26.8 100.52 25.3 7.05 0 
26.4 100.51 25.4 7.65 0 
26.9 100.51 25.5 8.27 0 
26.8 100.51 25.5 8.68 0 
26.9 100.51 25.5 9.12 0 
26.6 100.50 25.5 9.65 0 
26.7 100.50 25.5 9.81 0 
26.6 100.51 26.6 10.01 0 
26.9 100.52 25.6 10.19 0.01 
26.8 100.51 25.7 10.38 0.05 
26.7 100.50 25.8 10.49 0.1 
26.8 100.51 25.8 10.64 0.2 
26.7 100.52 25.8 10.79 0.32 
26.5 100.52 26.2 11.12 0.61 
26.5 100.52 26.2 11.3 0.81 
26.7 100.52 26.3 11.42 0.94 
26.9 100.52 26.4 11.49 1.01 
26.5 100.52 26.4 11.6 1.13 
26.6 100.52 26.5 11.73 1.29 
26.7 100.51 26.5 11.87 1.45 
26.5 100.52 26.3 12.02 1.61 
26.8 100.52 26.3 12.15 1.79 
26.5 100.51 25.9 12.28 1.95 
26.5 100.51 26.0 12.48 2.22 
26.4 100.51 26.0 12.65 2.46 
26.5 100.50 25.9 12.76 2.58 
26.8 100.51 26.0 13.08 2.98 
26.7 100.51 26.0 13.27 3.27 
26.4 100.52 26.2 13.54 3.63 
26.6 100.52 26.2 13.64 3.75 
26.6 100.52 26.3 13.73 3.89 
26.4 100.50 26.5 13.76 3.95 
26.6 100.50 26.5 13.78 3.99 
 
Table A-12: Experimental current-voltage characteristic values of electrolyser stack 2 after 
coupling 
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Ambient 
temperature, Ta (oC) 
Ambient pressure, 
Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
27.4 100.52 27.2 2.43 0 
27.5 100.53 27.0 4.77 0 
27.5 100.51 26.8 6.71 0 
27.4 100.51 26.8 8.15 0 
27.4 100.51 26.8 8.95 0 
27.3 100.50 26.7 9.32 0 
27.3 100.50 26.7 9.63 0 
27.2 100.50 26.7 9.86 0 
27.2 100.48 26.7 10.01 0 
27.0 100.54 26.3 10.17 0.03 
27.0 100.52 26.4 10.38 0.11 
26.8 100.52 26.1 10.5 0.2 
26.7 100.53 26.0 10.66 0.33 
26.7 100.54 25.9 10.82 0.49 
26.6 100.55 26.1 11.01 0.7 
25.4 100.55 25.1 11.13 0.83 
26.4 100.56 25.8 11.24 0.96 
26.3 100.57 25.8 11.32 1.05 
26.4 100.58 25.8 11.39 1.14 
26.5 100.58 25.6 11.5 1.28 
26.2 100.59 25.3 11.61 1.42 
26.3 100.61 25.7 11.69 1.53 
26.4 100.62 25.6 11.75 1.61 
26.4 100.62 25.8 11.89 1.78 
26.3 100.63 25.3 11.96 1.88 
26.4 100.62 25.6 12.02 1.97 
26.4 100.62 25.5 12.15 2.15 
26.3 100.62 25.3 12.22 2.25 
26.4 100.64 25.2 12.32 2.38 
26.5 100.63 25.2 12.43 2.54 
26.4 100.64 25.1 12.55 2.7 
26.5 100.64 25.2 12.66 2.85 
26.6 100.64 25.4 12.71 2.95 
26.6 100.64 25.7 12.81 3.09 
26.4 100.63 25.4 12.88 3.2 
26.6 100.63 25.9 13.01 3.4 
26.4 100.62 25.7 13.17 3.62 
26.5 100.62 25.4 13.29 3.8 
26.5 100.62 25.7 13.34 3.87 
26.5 100.62 25.4 13.39 3.95 
26.3 100.62 25.2 13.42 4 
 
Table A-13: Experimental current-voltage characteristic values of electrolyser stack 3 after 
coupling 
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Ambient 
temperature, Ta (oC) 
Ambient pressure, 
Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
24.9 100.67 24.1 3.55 0 
24.8 100.66 24.0 4.5 0 
24.7 100.66 24.2 5.6 0 
24.9 100.66 24.0 6.73 0 
24.6 100.66 23.8 8.38 0 
24.6 100.66 24.0 9.5 0 
24.4 100.66 23.6 9.9 0 
24.4 100.68 23.8 10.13 0.01 
24.5 100.68 23.5 10.28 0.03 
24.5 100.68 23.8 10.51 0.12 
24.3 100.68 23.7 10.65 0.22 
24.4 100.68 23.6 10.82 0.37 
24.1 100.68 23.5 11.05 0.64 
24.2 100.67 23.5 11.3 0.94 
24.1 100.66 23.7 11.49 1.19 
24.1 100.66 23.8 11.56 1.29 
24.0 100.66 23.5 11.72 1.52 
24.6 100.66 23.6 11.79 1.62 
24.3 100.66 23.6 11.88 1.75 
24.5 100.66 23.6 11.96 1.87 
24.3 100.65 23.6 12.08 2.06 
24.2 100.66 23.7 12.16 2.18 
24.4 100.66 23.4 12.23 2.29 
24.7 100.67 23.5 12.31 2.41 
24.9 100.67 23.4 12.49 2.67 
25.3 100.67 23.4 12.65 2.92 
25.2 100.67 23.5 12.83 3.2 
25.2 100.67 23.4 12.99 3.45 
25.4 100.66 23.4 13.11 3.65 
25.2 100.67 23.5 13.21 3.82 
25.1 100.68 23.2 13.29 3.95 
25.2 100.69 23.6 13.32 4 
 
Table A-14: Experimental current-voltage characteristic values of electrolyser stack 4 after 
coupling 
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Ambient 
temperature, Ta (oC) 
Ambient pressure, 
Pa (kPa) 
Inlet water 
temperature, TW (oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
24.4 100.54 23.5 3.5 0 
24.2 100.53 23.6 5.32 0 
24.3 100.52 23.6 6.74 0 
24.3 100.52 23.7 7.96 0 
24.3 100.52 23.7 9.14 0 
24.4 100.53 23.6 9.78 0 
24.2 100.52 23.7 9.93 0 
24.4 100.52 23.7 10.05 0 
24.4 100.52 23.8 10.18 0.02 
24.4 100.51 23.8 10.29 0.04 
24.4 100.50 23.8 10.41 0.08 
24.4 100.50 23.9 10.5 0.13 
24.5 100.49 23.9 10.73 0.3 
24.5 100.50 24.0 10.88 0.43 
24.7 100.50 24.0 11.02 0.54 
24.6 100.50 24.2 11.28 0.76 
24.6 100.51 24.2 11.46 0.91 
24.7 100.51 24.2 11.68 1.1 
24.5 100.50 24.4 11.8 1.21 
24.6 100.50 24.5 11.97 1.38 
24.7 100.50 24.6 12.11 1.52 
24.7 100.50 24.6 12.22 1.63 
24.8 100.50 24.7 12.37 1.79 
24.9 100.50 24.7 12.55 1.99 
24.9 100.50 24.7 12.71 2.17 
25.0 100.49 24.7 12.82 2.3 
25.1 100.49 24.7 12.97 2.49 
25.2 100.48 24.9 13.16 2.71 
25.2 100.48 24.8 13.25 2.83 
25.3 100.47 24.8 13.37 2.99 
25.3 100.46 24.9 13.52 3.18 
25.3 100.46 24.8 13.67 3.39 
25.4 100.46 24.7 13.76 3.53 
25.4 100.46 24.8 13.87 3.68 
25.5 100.45 24.8 13.96 3.83 
25.6 100.44 24.9 13.99 3.88 
 
Table A-15: Experimental current-voltage characteristic values of electrolyser stack 5 after 
coupling 
 
Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, Pa 
(kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production 
rate, (g/min)   
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
26.6 100.51 25.9 13.77 3.99 0.0168 0.0174 96.6 72.8 
26.4 100.52 25.9 13.32 3.46 0.0146 0.0151 96.7 75.5 
26.3 100.51 25.8 12.92 2.96 0.0124 0.0129 96.1 77.2 
26.3 100.50 25.8 12.7 2.66 0.0111 0.0116 95.7 78.3 
26.1 100.50 25.7 12.24 2.07 0.0085 0.0090 94.4 79.9 
26.2 100.51 25.9 11.72 1.42 0.0056 0.0062 90.3 80.2 
 
Table A-16: Experimental Faraday efficiency and energy efficiency of the electrolyser stack 2 
after coupling with PV  
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Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, Pa 
(kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production 
rate, (g/min)   
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
26.3 100.61 25.2 13.41 4 0.0169 0.0174 97.1 75.0 
26.4 100.61 24.9 13.04 3.48 0.0146 0.0151 96.7 76.6 
26.2 100.62 25.1 12.67 2.96 0.0123 0.0129 95.3 78.1 
26.1 100.62 24.9 12.41 2.59 0.0107 0.0113 94.7 79.3 
25.9 100.62 24.8 12.01 2.01 0.0082 0.0087 94.3 80.9 
25.7 100.64 24.9 11.68 1.54 0.0061 0.0067 91.0 80.8 
 
Table A-17: Experimental Faraday efficiency and energy efficiency of the electrolyser stack 3 
after coupling with PV  
 
Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, Pa 
(kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production 
rate, (g/min)   
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
25.4 100.55 24.6 13.32 4 0.0170 0.0174 97.7 76.0 
25.0 100.69 24.6 12.96 3.47 0.0147 0.0151 97.4 77.9 
25.3 100.70 25.1 12.69 3.06 0.0131 0.0133 98.5 80.4 
24.9 100.68 25.0 12.55 2.82 0.0120 0.0123 97.6 80.8 
24.7 100.68 24.3 12.23 2.33 0.0097 0.0101 96.0 81.1 
24.7 100.68 24.5 11.94 1.91 0.0079 0.0083 95.2 82.5 
24.8 100.68 24.6 11.6 1.43 0.0059 0.0062 95.2 84.7 
 
Table A-18: Experimental Faraday efficiency and energy efficiency of the electrolyser stack 4 
after coupling with PV  
 
Ambient 
temp., Ta 
(oC) 
Ambient 
pressure, Pa 
(kPa) 
Inlet water 
temp., TW 
(oC) 
Voltage, 
V (Volt)  
Current, 
I (A) 
Exp. H2 
production 
rate, (g/min)  
Theor. H2 
production 
rate, (g/min)   
Faraday 
eff., ηF 
(%) 
Energy 
eff., ηE 
(%) 
25.6 100.49 25.2 13.99 3.89 0.0163 0.0169 96.4 71.3 
25.6 100.49 25.3 13.73 3.54 0.0148 0.0154 96.1 72.5 
25.6 100.48 25.2 13.36 3.07 0.0128 0.0134 95.5 74.3 
25.6 100.49 25.5 13.17 2.82 0.0117 0.0123 95.1 75.0 
25.7 100.48 25.4 12.85 2.43 0.0100 0.0106 94.3 76.3 
26.0 100.47 25.8 12.51 2.06 0.0083 0.0090 92.2 76.7 
26.1 100.47 25.6 12.25 1.76 0.0070 0.0077 90.9 77.3 
26.6 100.46 26.1 11.92 1.41 0.0055 0.0061 90.2 77.9 
 
Table A-19: Experimental Faraday efficiency and energy efficiency of the electrolyser stack 5 
after coupling with PV  
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Appendix 2: Graphs 
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Figure A-1: Experimental current-voltage and power-voltage characteristic curves of PV 
module 2  
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Figure A-2: Experimental current-voltage and power-voltage characteristic curves of PV 
module 3  
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Figure A-3: Experimental current-voltage and power-voltage characteristic curves of PV 
module 4  
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Figure A-4: Experimental current-voltage characteristic curve of electrolyser stack 2 before 
coupling 
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Figure A-5: Experimental current-voltage characteristic curve of electrolyser stack 3 before 
coupling 
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Figure A-6: Experimental current-voltage characteristic curve of electrolyser stack 4 before 
coupling 
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Figure A-7: Experimental current-voltage characteristic curve of electrolyser stack 5 before 
coupling 
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Figure A-8: Faraday efficiency and energy efficiency characteristic curves for the electrolyser 
stack 2 before coupling 
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Figure A-9: Faraday efficiency and energy efficiency characteristic curves for the electrolyser 
stack 3 before coupling 
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Figure A-10: Faraday efficiency and energy efficiency characteristic curves for the electrolyser 
stack 4 before coupling 
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Figure A-11: Faraday efficiency and energy efficiency characteristic curves for the electrolyser 
stack 5 before coupling 
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Figure A-12: Experimental current-voltage characteristic curves of electrolyser stack 2 before 
and after coupling  
 
 
 
Appendices 
236 
 
 
Electrolyser stack 3
0
1
2
3
4
5
0 2 4 6 8 10 12 14
Voltage, V (Volt)
C
u
rr
en
t, 
I 
(A
)
Before coupling
After coupling
 
 
Figure A-13: Experimental current-voltage characteristic curves of electrolyser stack 3 before 
and after coupling  
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Figure A-14: Experimental current-voltage characteristic curves of electrolyser stack 4 before 
and after coupling  
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Figure A-15: Experimental current-voltage characteristic curves of electrolyser stack 5 before 
and after coupling  
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Figure A-16: Faraday efficiency and energy efficiency characteristic curves for the electrolyser 
stack 2 before and after coupling 
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Figure A-17: Faraday efficiency and energy efficiency characteristic curves for the electrolyser 
stack 3 before and after coupling 
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Figure A-18: Faraday efficiency and energy efficiency characteristic curves for the electrolyser 
stack 4 before and after coupling 
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Figure A-19: Faraday efficiency and energy efficiency characteristic curves for the electrolyser 
stack 5 before and after coupling 
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Appendix 3: Manufacturer Specifications Sheets of Different Equipment   
 
 
 
Specifications 1a: PV module BP 275 
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Specifications 1b: PV module BP 275 
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Specifications 2: Hydrogen experimental cabinet 
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Specifications 3: Underbench support for hydrogen experimental cabinet 
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Specifications 4a: DT 85 data logger 
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Specifications 4b: DT 85 data logger 
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Specifications 5a: PV module SX 80 
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Specifications 5b: PV module SX 80 
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Appendix 4: Error Analysis 
 
The estimated standard deviation associated with the output estimate or measurement 
result y, termed combined standard uncertainty )(yuc  is the positive square root of the 
combined variance )(2 yuc , is determined from the estimated standard deviation 
associated with each input estimate xi, termed uncertainty and denoted by )( ixu . The 
combined standard uncertainty is given by (BSI 1995):  
 
)()( 2
2
1
2
i
N
i i
c xu
x
fyu ∑
=






∂
∂
= .        (A-1) 
 
In most cases a measurand Y is not measured directly, but is determined from N other 
quantities X1, X2, …, XN through a functional relationship f:    
 
),...,,( 21 NXXXfY =         (A-2)  
 
∴ The accuracy of PV module efficiency calculation can be estimated as follows: 
According to Equation 4.1 efficiency of PV module is 
PV
PV AG
P
×
=η  
The combined standard uncertainty of PV module efficiency measurement, )( PVu η , can 
be expressed as: 
)()()()( 2
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Sample calculation for PV module 1: 
2
2
2
2
2
)30(
5625.0)848(
91.54)6.0(
5625.0848
1)( 





×
−+



×
=PVu η   
 = ±0.00426 
∴ %7.3100
1151.0
00426.0100)()%( ±=×=×=
PV
PV
PV
u
u
η
ηη  
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Similarly, the accuracy of electrolyser Faraday efficiency measurement can be 
estimated as follows: 
According to Equation 4.2 Faraday efficiency of electrolyser is 
)(,
(exp)
2
,2
thbH
H
F
m
m
b
ɺ
ɺ
=η   
The combined standard uncertainty of Faraday efficiency measurement, )( Fu η , can 
expressed as: 
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Sample calculation for all five electrolyser stacks in series (before coupling): 
2
2
)00125.0(
0871.0
1)( 



=Fu η   
 = ±0.0144 
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F
F
F
u
u
η
ηη  
 
The accuracy of electrolyser energy efficiency measurement can be estimated as 
follows: 
According to Equation 4.5 energy efficiency of electrolyser is 
tIV
HHVm HbH
E
××
×
=
22 (exp),ɺη  
The combined standard uncertainty of Faraday efficiency measurement, )( Eu η , can 
expressed as: 
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Sample calculation for all five electrolyser stacks in series (before coupling): 
2
2
2
2
2
2
2
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60)4(8.66
0857.0142920)1.0(
604)8.66(
0857.0142920)00125.0(
6048.66
142920)( 





××
×
+





××
×
+



××
=Eu η   
 = ±0.0189 
∴ %5.2100
764.0
0189.0100)()%( ±=×=×=
E
E
E
u
u
η
ηη  
